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(57) ABSTRACT

A sintered composite oxide 2 composed mainly of zinc, alu-
minum, titanium and oxygen, the atomic ratio of the elements
satisfying the following equations (1) to (3), the sintered
composite oxide 2 comprising particles having a hexagonal
wurtzite structure containing zinc oxide as the major compo-
nent and having a mean particle size of no greater than 20 um,
and particles having a ZnTiO;-like structure and/or
Zn,Ti;04-like structure containing aluminum and titanium
and having a mean particle size of no greater than 5 pm, and
containing no particles with a spinel oxide structure of zinc
aluminate with zinc and aluminum in solid solution, and a
manufacturing method for the same.

(AL+Ti)/(Zn+AL+Ti)=0.004-0.055 o)
Al(Zn+Al+Ti)=0.002-0.025 )
TI/(Zn+Al+Ti)=0.002-0.048 3)

[In the equations, Al, Ti and Zn represent the contents (atomic
percents) of aluminum, titanium and zinc, respectively.]

9 Claims, 5 Drawing Sheets
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SINTERED COMPOSITE OXIDE,
MANUFACTURING METHOD THEREFOR,
SPUTTERING TARGET, TRANSPARENT
CONDUCTIVE OXIDE FILM, AND
MANUFACTURING METHOD THEREFOR

TECHNICAL FIELD

The present invention relates to a sintered composite oxide,
to amanufacturing method for the same, to a sputtering target,
and to a transparent conductive oxide film and a manufactur-
ing method for the same.

BACKGROUND ART

Transparent conductive oxide films have high transmit-
tance in the visible region and high conductivity, and are used
in electrodes of liquid crystal display units or various light
receiving elements such as solar cells. They are also widely
used in thermic ray reflective coatings and antistatic films for
automobile and construction materials, and anti-fogging
transparent heating units in freezer showcases and the like.
One such transparent conductive oxide film that is used is a
zinc oxide-based film having an element such as aluminum,
gallium or boron added to zinc oxide. Aluminum oxide-added
zinc oxide-based films, in particular, have excellent light
transmittance in the infrared region, and are therefore suited
for purposes that are highly dependent on optical transpar-
ency, such as solar cells.

Film-forming methods used for such transparent conduc-
tive oxide films include sputtering methods employing sput-
tering targets, because they allow formation of films with
uniform film thicknesses over large areas. However, such
sputtering methods have been associated with problems,
including a reduced operating rate of the sputtering apparatus
due to anomalous discharge that occurs during sputtering, and
lower product yield due to the effect of generated particles.

As means for minimizing anomalous discharge produced
during sputtering, PTL 1 discloses a ZnO-based sintered
material containing 3 to 7 atomic percent Al, and 0.3 to 3
atomic percent of at least one third element selected from the
group consisting of B, Ga, In, Ge, Si, Sn and Ti. However,
with the compositional control described in PTL 1, it is not
possible to sufficiently minimize anomalous discharge during
sputtering. It is therefore desirable to even further reduce
anomalous discharge.

A film obtained using a sputtering target must exhibit not
only the properties of low resistance and high transmittance in
a wide wavelength range, and especially not only in the vis-
ible region but also in the infrared region, and high stability
(durability) of the film properties. Based on experimentation
by the present inventors, however, films obtained using the
sputtering target of PTL 1 do not readily exhibit both high
optical transparency in a wide wavelength range, and espe-
cially in the infrared region, and high stability (durability) of
the film properties.

Also, while in terms of optical transparency, transmittance
is exhibited at specific wavelengths of 550 nm and 1000 nm,
for practical use it is important for high transmittance to be
obtained not only at specific wavelengths but also across the
entire wavelength range demanded for the purpose of use.
When durability has been increased with the film of PTL 1, it
has been found that the transmittance is reduced in the long
wavelength range of longer than the wavelength of 1000 nm
mentioned in the examples. It is desirable to ameliorate this
phenomenon for purposes that depend on optical transpar-
ency, such as a solar cell.
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PTL 2 discloses a ZnO-based sintered material that (1) has
a major compositional phase which is a ZnO phase with solid
solution of 0.2-14 atomic percent of at least one element
selected from the group consisting of B, In, Al, Ga, Ge, Sn, Si
and Ti, (2) has a sintered density of 4.5 g/cm® or greater, (3)
has a volume resistivity of no greater than 1 kQcm and (4) has
a mean crystal grain size of 2-20 um. However, PTL 2 does
not contain examples of adding Al and Ti in combination, nor
does it contain any mention of the composition or properties.

PTL 3 discloses a zinc oxide sintered material containing at
least one element from among Al, Ga, In, Ti, Si, Ge and Sn
added to ZnO. The zinc oxide sintered material has precipi-
tates each containing a composite oxide phase of the added
element and zinc, and voids formed surrounding the precipi-
tates. There is also disclosed a zinc oxide sintered material
wherein, of the precipitates, the proportion of precipitates
with a circle equivalent diameter of at least 3 pum is no greater
than 20%, and of the voids, the proportion of voids with a
circle equivalent diameter of at least 3 um is no greater than
50%.

Further disclosed is a zinc oxide sintered material contain-
ing, with ZnO, one first added element from among Al, Ga, In,
Ti, Si, Ge and Sn, and a second added element which is at least
one element from among Al, Ga, In, Ti, Si, Ge and Sn, which
has not been added as the first added element. The zinc oxide
sintered material is disclosed as a zinc oxide sintered material
having a co-present zone wherein a first precipitate compris-
ing a composite oxide phase of the first added element and
zinc and a second precipitate comprising a composite oxide
phase of the second added element and zinc are co-present in
a zinc oxide phase as the main phase.

However, it is not possible to sufficiently minimize anoma-
lous discharge during sputtering simply by controlling the
microstructure in the sintered material (the compositional
phase and its particle sizes and void diameters), as disclosed
in PTL 3. Furthermore, it is impossible to avoid problems
such as decreased yield due to particles that fly off during
sputtering, and the resulting loss of productivity. It is there-
fore desirable to even further reduce anomalous discharge.

On the other hand, PTL 4 has disclosed a zinc oxide-based
transparent conductive film containing Al and Ti, as a thin-
film containing such elements. However, PTL 4 is basedon a
chip-on film forming method that employs DC magnetron
sputtering. In this process, a portion of the element compos-
ing the thin-film is formed as a chip and placed on the target
for sputtering. Hence, it contains no disclosure regarding the
sintered material (sputtering target).

In light of the goal of improving light transmittance in the
infrared region, it is also known that zinc oxide films with
reduced aluminum oxide addition and zinc oxide films con-
taining no aluminum oxide as added material, provide highly
superior light transmittance in the infrared region. Their dura-
bility has been poor, however, and it has been difficult to
achieve both high transmittance in the infrared region and
high durability.

CITATION LIST
Patent Literature

[PTL 1] Japanese Unexamined Patent Application Publica-
tion HEI No. 11-236219

[PTL 2] Japanese Unexamined Patent Application Publica-
tion HEI No. 11-322332

[PTL 3] Japanese Unexamined Patent Application Publica-
tion No. 2008-063214
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[PTL 4] Japanese Unexamined Patent Application Publica-
tion HEI No. 9-045140

SUMMARY OF INVENTION
Technical Problem

It is an object of the present invention to provide a sputter-
ing target that can adequately inhibit anomalous discharge, a
transparent conductive oxide film obtained using the sputter-
ing target, and a manufacturing method for the same. It is
another object to provide a sintered composite oxide that can
be used as such a sputtering target, and a manufacturing
method for the same.

Solution to Problem

The present inventors have conducted much diligent
research in light of the circumstances described above. Focus
was placed on sputtering methods using sputtering targets, as
film-forming methods for transparent conductive oxide films,
because they allow formation of films with uniform film
thicknesses over large areas. It was found that if a sintered
composite oxide with a specific composition and structure is
used as the sputtering target in a sputtering method, it is
possible to control anomalous discharge in the film formed by
sputtering, to minimize reduction in yield due to particles.
Then, there were obtained a sintered composite oxide that can
yield a transparent conductive oxide film with excellent light
transmittance in the infrared region and excellent durability, a
sputtering target, and a transparent conductive oxide film
obtained using it, and the invention was thereupon completed.

Specifically, according to one aspect, the invention pro-
vides a sintered composite oxide composed mainly of zinc,
aluminum, titanium and oxygen, wherein the atomic ratio of
the elements composing the sintered material satisfies the
following equations (1) to (3).

(AL+Ti)/(Zn+AL+Ti)=0.004-0.055 o)

Al/(Zn+Al+Ti)=0.002-0.025 )

TI/(Zn+Al+Ti)=0.002-0.048 3)

The sintered material comprises particles having a hexago-
nal wurtzite structure containing mainly zinc oxide and hav-
ing a mean particle size of no greater than 20 um, and particles
having a ZnTiO;-like structure and/or Zn,Ti,O4-like struc-
ture containing aluminum and titanium and having a mean
particle size of no greater than 5 pm, and containing no
particles with a spinel oxide structure of zinc aluminate with
zinc and aluminum in solid solution.

The sintered composite oxide of the invention preferably
includes no aluminum oxide particles or titanium oxide par-
ticles.

According to another aspect, the invention provides a
manufacturing method for the aforementioned sintered com-
posite oxide. The manufacturing method for a sintered com-
posite oxide has a step in which a powder as an aluminum
source and a powder as a titanium source are pre-mixed and
calcined to obtain a first mixed powder with a mean particle
size of'no greater than 1 pm, a step in which zinc oxide powder
is added to and mixed with the first mixed powder to obtain a
second mixed powder satisfying the following equations (1),
(2) and (3) represented as the atomic ratios of the metal
elements, and a step in which the second mixed powder is
molded and fired at 800° C. to 1500° C. to obtain a sintered
composite oxide.
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(AL+Ti)/(Zn+AL+Ti)=0.004-0.055 o)

Al(Zn+Al+Ti)=0.002-0.025 )

TI/(Zn+Al+Ti)=0.002-0.048 3)

[In equations (1), (2) and (3), Al, Ti and Zn represent the
contents (atomic percents) of aluminum, titanium and zinc,
respectively.]

According to yet another aspect, the invention provides a
sputtering target comprising the aforementioned sintered
composite oxide. The sputtering target preferably has a sput-
tering surface with a center line average roughness Ra of no
greater than 3 pm.

According to yet another aspect, the invention provides a
manufacturing method for a transparent conductive oxide
film that includes a step of using the aforementioned sputter-
ing target for sputtering, and a transparent conductive oxide
film obtained by the manufacturing method.

Advantageous Effects of Invention

The sintered composite oxide of the invention may be
suitably used as a sputtering target. Specifically, this may be
used for sputtering to produce a transparent conductive oxide
film, while minimizing anomalous discharge during sputter-
ing. The obtained transparent conductive oxide film has
excellent optical transparency not only in the visible region
but also in the infrared region, and excellent durability. There-
fore, when it is used in a solar cell, for example, it can utilize
sunlight energy in the infrared region in a highly efficient
manner, which has been inadequate in the prior art. It is thus
possible to provide a solar cell with high photoelectric con-
version efficiency. The term “solar cell”, as used herein,
includes solar cells that employ transparent conductive oxide
films, such as silicon-based solar cells employing single crys-
tal silicon, polycrystalline silicon and amorphous silicon,
compound-based solar cells such as CulnSe,, Cu(In,Ga)Se,,
GaAs and CdTe, and dye-sensitized solar cells.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is an oblique view schematically showing a pre-
ferred embodiment of a sintered composite oxide of the
invention.

FIG. 2 is a graph showing the relationship between Ti
content (Ti/(Zn+Al+T1)) and resistance measured in the
examples and comparative examples.

FIG. 3 is a graph showing the relationship between Ti
content (Ti/(Zn+Al+Ti)) and durability measured in the
examples and comparative examples.

FIG. 4 is a graph showing the relationship between Al
content (Al/(Zn+Al+T1)) and transmittance in the infrared
region and durability, measured in the examples and com-
parative examples.

FIG. 5 is a graph showing the relationship between Al
content (Al/(Zn+Al+T1)) and transmittance in the infrared
region and resistance, measured in the examples and com-
parative examples.

DESCRIPTION OF EMBODIMENTS

Preferred embodiments of the invention will now be
explained.

(Sintered Composite Oxide)

FIG. 11is an oblique view schematically showing a sintered
composite oxide of this embodiment. The sintered composite
oxide 2 of this embodiment is composed mainly of zinc,
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aluminum, titanium and oxygen. That is, the sintered com-
posite oxide 2 contains zinc, aluminum, titanium and oxygen
as the major elements. The total content of zinc, aluminum
and titanium with respect to all of the cation elements in the
sintered composite oxide 2 is 97 atomic percent or greater.
The content is preferably 98 atomic percent or greater, more
preferably 99 atomic percent or greater and even more pref-
erably 100 atomic percent, from the viewpoint of obtaining a
transparent conductive oxide film with even higher proper-
ties. Thus, the sintered composite oxide 2 may contain ele-
ments different from zinc, aluminum, titanium and oxygen,
but their amounts are preferably low.

The ratio of the content of elements in the sintered com-
posite oxide 2 (atomic percent), i.e. the atomic ratio, satisfies
the following equations (1) to (3).

(AL+Ti)/(Zn+AL+Ti)=0.004-0.055 o)

Al/(Zn+Al+Ti)=0.002-0.025 )

TI/(Zn+Al+Ti)=0.002-0.048 3)

In equations (1), (2) and (3), Al, Ti and Zn represent the
contents (atomic percents) of aluminum, titanium and zinc,
respectively.

By containing zinc, aluminum and titanium with these
atomic ratios, the sintered composite oxide 2 of this embodi-
ment has low resistance, and can yield a film with excellent
light transmittance in the infrared region and visible region,
and excellent durability. From the viewpoint of obtaining a
transparent conductive oxide film with even more excellent
light transmittance in the infrared region and more excellent
durability, (Al+Ti)/(Zn+Al+Ti) is preferably 0.005-0.05.
From the same viewpoint, Al/(Zn+Al+Ti) is preferably
0.003-0.02. From the same viewpoint, Ti/(Zn+Al+T1i) is pref-
erably 0.003-0.04 and even more preferably 0.003-0.03.
According to the invention, it may also include unavoidable
trace impurities.

The sintered composite oxide 2 comprises particles (A)
having a hexagonal wurtzite structure containing zinc oxide
as the major component and having a mean particle size of no
greater than 20 um, and (B) particles having a ZnTiO;-like
structure and/or Zn,Ti;O4-like structure containing alumi-
num and titanium as constituent elements and having a mean
particle size of no greater than 5 um.

By limiting the mean particle size of particles (A) to no
greater than 20 um, it is possible to reduce anomalous dis-
charge during sputtering, while also minimizing damage of
the target during sputtering. The mean particle size of the
particles (A) is preferably no greater than 10 um. The lower
limit will usually be 0.001 pm. In order to obtain a sintered
composite oxide with a mean particle size of less than 0.001
um, the starting powder used would have a mean primary
particle size of less than 0.001 um. When such a starting
powder has been used, molding becomes very difficult and
production efficiency tends to be lowered.

The particles (A) are a substance exhibiting a diffraction
pattern attributed to the hexagonal wurtzite structure of zinc
oxide in a X-ray diffraction test. The shapes and sizes of the
particles (A) can be confirmed in detail by SEM and EPMA
analysis. The zinc oxide content of the particles (A) is 80
atomic percent or greater, and preferably 90 atomic percent or
greater, as zinc.

The mean particle size of the particles (B), on the other
hand, is no greater than 5 pm. This can minimize anomalous
discharge during sputtering. The mean particle size of the
particles (B) is preferably no greater than 3 um. This can
further minimize anomalous discharge during sputtering. The
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lower limit for the mean particle size of the particles (B) will
usually be 0.001 pm. In order to obtain a sintered composite
oxide with a mean particle size of less than 0.001 pm, the
starting powder used would have a mean primary particle size
ofless than 0.001 um. When such a starting powder has been
used, molding becomes very difficult and production effi-
ciency tends to be lowered.

The particles (B) are a substance exhibiting a diffraction
pattern attributable to a ZnTiO;-like structure and/or
7Zn,Ti;04-like structure in a X-ray diffraction test. The shapes
and sizes of the particles (B) can be confirmed in detail by
SEM and EPMA analysis. The term “ZnTiO;-like structure”
includes the structure of ZnTiO; and analogous structures.
The term “Zn,Ti;O,-like structure” includes the structure of
7Zn,Ti;04 and analogous structures.

The method of measuring the mean particle sizes of the
particles (A) and (B) in the sintered composite oxide 2 is as
follows. Specifically, after the sintered composite oxide 2 is
cut to an appropriate size, the observation plane is surface-
polished. It is then subjected to chemical etching with a dilute
acetic acid solution to render the grain boundaries distinct.
Using an X-ray microanalyzer (EPMA), scanning electron
microscope/energy dispersive X-ray analysis (SEM/EDS),
X-ray diffraction (XRD) and the like, observational photo-
graphs of the polished surface are taken and the composition
of'each of the particles is confirmed. The long diameters of at
least 500 of each of the particles (A) and (B) are measured in
each observational photograph. The arithmetic mean value is
recorded as the mean particle size.

For the particles (B), there is no particular restriction on the
proportion of particles with a ZnTiO;-like structure and par-
ticles with a Zn, Ti;04-like structure. However, preferably at
least particles with a ZnTiO;-like structure are present. This
can further minimize anomalous discharge during sputtering.
Also, more preferably the following equation is satisfied,
where A, and A, are the diffraction intensities of the (311)
plane of the main peak for particles with a ZnTiO;-like struc-
ture and particles with a Zn,Ti;Oq-like structure, respec-
tively, in a X-ray diffraction test.

AJ(4,44,)=0.05-1

This can still further minimize anomalous discharge during
sputtering.

The presence of particles with a ZnTiO,-like structure and
particles with a Zn,Ti;Og-like structure can be confirmed in
the following manner. Specifically, particles with a ZnTiO;-
like structure are those having a diffraction peak, detected in
the range of 20=30-40° with XRD using Cu as the line
source, that can be indexed on the (210) plane, (211) plane,
(220) plane, (300) plane, (310) plane, (311) plane and (320)
plane, in the peak pattern for ZnTiO; in PDF (Powder Dif-
fraction File) #00-039-0190 (RDB) of the ICDD (Interna-
tional Centre for Diffraction Data), or an analogous peak
pattern (shifted peak pattern). The peak pattern shift will
usually be within £1°.

On the other hand, particles having a Zn,Ti;O,-like struc-
ture are those that can be indexed on the (220) plane, (311)
plane and (222) plane, in the peak pattern for Zn,Ti;Oq in
PDF#00-038-0500 of the ICDD, or an analogous peak pattern
(shifted peak pattern). The peak pattern shift will usually be
within £1°.

Also, the (311) plane of the main peak of a ZnTiO;-like
structure and the (311) plane of the main peak of a Zn, Ti,O4-
like structure are diftracted at very close angles. It is therefore
very difficult to separately confirm them. Utilizing the peak of
the (210) plane of the ZnTiO;-like structure, which is easy to
separately confirm, and the relative intensity according to the
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ICDD, A, and A, are determined in the following manner.
Specifically, calculation can be performed using the follow-
ing formula, where I, is the total diffraction intensity on
the (311) plane of the main peak for particles with a ZnTiO;-
like structure and particles with a Zn,Ti,04-like structure,
and L, is the diffraction intensity on the (210) plane for a
ZnTiOj;-like structure.

A, =T10x(100/45)

Ayl ry)=Ax

Particles with a Zn,Ti;O4-like structure may include par-
ticles with a Zn,TiO,-like structure, which is an analogous
structure.

Particles (B) with a ZnTiO;-like structure and/or
7Zn,Ti;04-like structure present in the sintered composite
oxide 2 contain zinc, aluminum and titanium. On the other
hand, the sintered composite oxide 2 does not contain par-
ticles with a spinel oxide structure of zinc aluminate with zinc
and aluminum in solid solution. This can further minimize
anomalous discharge during sputtering.

Throughout the present specification, the phrase “does not
contain particles with a spinel oxide structure of zinc alumi-
nate with zinc and aluminum in solid solution” has the fol-
lowing meaning. Specifically, it means that the diffraction
pattern attributed to the spinel oxide structure of zinc alumi-
nate ZnAl,O,, with zinc and aluminum in solid solution, is
not detected in an X-ray diffraction test measured under the
conditions used in the examples.

The sintered composite oxide 2 preferably includes no
aluminum oxide particles or titanium oxide particles. That is,
preferably all of the aluminum element and all of the titanium
element in the sintered composite oxide 2 is present in the
particles (A) and particles (B). This can further minimize
anomalous discharge during sputtering.

The absence of aluminum oxide particles or titanium oxide
particles can be confirmed by XRD. Specifically, no diffrac-
tion pattern attributed to aluminum oxide or titanium oxide
should be observed when an X-ray diffraction test had been
conducted under the conditions described in the examples of
the present specification.

The relative density of the sintered composite oxide 2 is
preferably 80% or greater. With such a relative density, a
transparent conductive oxide film obtained using the sintered
composite oxide as a sputtering target will exhibit high opti-
cal transparency in the infrared region, and even more excel-
lent durability. It will also allow stable film formation while
minimizing anomalous discharge during sputtering, and
without producing damage in the target during sputtering.

The relative density of the sintered composite oxide of the
invention is calculated in the following manner. Specifically,
the weight ratios of Zn, Al and Ti in the sintered composite
oxide are determined in terms of ZnO, Al,O, and TiO,,
respectively. The weight ratios are recorded as a (%), b (%)
and ¢ (%), respectively. Next, the respective true densities,
ZnO: 5.68 g/em®, Al,O;: 3.99 g/em®, TiO,: 4.2 g/em®, are
used to calculate the theoretical density A (g/cm®) in the
following manner.

A=(a+b+c)/((a/5.68)+(b/3.99)+(c/4.2))

The density B (g/cm?®) of the sintered composite oxide is
measured by the Archimedes’ method, based on JIS-R1634-
1998.

The relative density (%) is calculated by the following
formula, as the relative value of the density B (g/cm?) of the
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sintered material with respect to the arithmetically calculated
theoretical density A (g/cm?).

Relative density (%)=(5/4)x100

As mentioned above, the sintered composite oxide 2 con-
taining zinc, aluminum and titanium is composed of particles
(A), and particles (B) having a ZnTi0O;-like structure and/or
7Zn,Ti;04-like structure containing aluminum and titanium as
constituent elements and having a mean particle size of no
greater than 5 um. The sintered composite oxide 2 does not
contain particles with a spinel oxide structure of zinc alumi-
nate with zinc and aluminum in solid solution. In order to
produce such a sintered composite oxide 2, it is necessary to
control the production conditions as described below.
(Manufacturing Method for Sintered Composite Oxide)

The method comprises:

a calcining step in which a powder as the aluminum source
and a powder as the titanium source is pre-mixed and calcined
to obtain a mixed powder with a mean particle size of no
greater than 1 pm,

a powder preparation step in which the mixed powder and
zinc oxide powder are mixed to a prescribed atomic ratio to
prepare a molding powder,

a molding step in which the molding powder is molded to
produce a compact, and

a firing step in which the compact is fired to produce a
sintered material. Each step will now be explained in detail.

(1) Calcining Step

The starting powders to serve as the aluminum source and
titanium source are not particularly restricted, and for
example, there may be used aluminum-containing or tita-
nium-containing metal oxide powders, metal hydroxide pow-
ders, metal salt powders such as chlorides, nitrates or carbon-
ates, and metal alkoxides. From the viewpoint of
handleability, metal oxide powders are preferred. Starting
powders as zinc sources are available as inexpensive high-
purity powders with excellent handleability. Zinc oxide pow-
der is therefore used as a starting material. When non-metal
oxide powders are used as the aluminum source and titanium
source, the same effect is obtained if they are used as metal
oxide powders after first subjecting the powder to heat treat-
ment in an oxidizing atmosphere such as air. However, this
requires heat treatment or the like, and complicates the pro-
cess. It is therefore preferred to use a metal oxide powder as
the starting powder.

The following explanation assumes the use of a metal
oxide powder as the starting powder. A finer particle size of
the metal oxide powder for the starting powder will result in
superior homogeneity and sinterability of the mixture. Usu-
ally, therefore, it is preferred to use powder with a primary
particle size of no greater than 10 um, and most preferably
powder of no greater than 1 pum. Powder of an element other
than zinc is preferably an oxide powder with a smaller pri-
mary particle size than the primary particle size of the zinc
oxide powder. If the primary particle size of the zinc oxide
powder is a smaller or equivalent size, homogeneity of the
mixture may be impaired.

The mean particle size of the zinc oxide powder is prefer-
ably greater than the mean particle size of the other metal
oxide powder, of an element other than zinc. This will allow
uniform mixing of the starting powders, and can yield a
sintered composite oxide 2 comprising particles with a fine
mean particle size.

The BET specific surface area of the zinc oxide powder and
a metal oxide powder other than zinc is preferably 3 to 20
m?/g, from the viewpoint of handleability. It will thus be
easier to obtain the sintered composite oxide 2. When the
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powder has a BET value of lower than 3 m*/g, it is preferably
used after pulverizing treatment to a powder with a BET value
of 3 to 20 m*/g. While a powder with a BET value of greater
than 20 m*/g may be used, this increases the bulk of the
powder. It is therefore preferred for the powder to be sub-
jected to consolidation treatment beforehand, in order to
improve handleability.

The values of D_/D, . D, /D, ,and D,/D,, where D,_, D, ,
and D,, are the area-to-weight ratio diameters determined
from the BET specific surface areas of the zinc oxide powder
and each oxide powder of aluminum and titanium, and D,
D,, and D, are the mean particle sizes of each powder, are
preferably each at least 1 and less than 50. Such a powder
property will allow the sintered composite oxide 2 to be more
suitably obtained. The area-to-weight ratio diameter can be
determined by the following formula, assuming the primary
particle of each powder to be spherical. In the formula, S
represents the BET specific surface area (units: m*/g).

D,,=6/(Sx5.68)
D,,=6/(Sx3.99)

D, =6/(Sx4.2)

The mean particle size of each powder is measured using a
COULTER LS130 (trade name of Coulter Electronics), with
a liquid module in distilled water. The measured value is
based on volume.

Next, the powder is subjected to treatment such as dry or
wet blending to obtain a mixed powder.

According to this embodiment, first the aluminum source
powder and the titanium source powder are pre-mixed and
calcined, and then the mean particle size is adjusted to no
greater than 1 pm. There are no particular restrictions on the
method of pre-mixing. Examples of methods of pre-mixing
include wet and dry media agitation mill mixing using balls or
beads of zirconia, alumina, nylon resin or the like, and media-
less rotating vessel mixing and mechanical agitating mixing.
Specifically, there may be used a ball mill, bead mill, attritor,
vibrating mill, planetary mill, jet mill, V-shaped mixer, paddle
mixer, biaxial planetary stirring mixer, or the like.

When a wet ball mill or bead mill, attritor, vibrating mill,
planetary mill, jet mill or the like is used, the pulverized slurry
must be dried. The drying method is not particularly
restricted, and examples include filtration drying, fluidized
bed drying and spray-drying. When a metal salt solution or
alkoxide solution is to be used as the starting material, the
precipitate deposited from the solution is dried.

Calcining of the obtained powder is preferably carried out
at 600° C. to 1200° C., and more preferably at 800° C. to
1000° C. A retention time of 1 to 3 hours is sufficient. The
obtained calcined powder is subjected to shredding treatment
to a mean particle size of no greater than 1 um, to obtain a
pre-mixing powder. The treatment method for the shredding
is not particularly restricted, and examples of mixing methods
include those employing a dry or wet media agitation mill
using balls or beads of zirconia, alumina, nylon resin or the
like. Specifically, there may be used a ball mill, bead mill,
attritor, vibrating mill, planetary mill, jet mill or the like.
When a wet ball mill or bead mill, attritor, vibrating mill,
planetary mill, jet mill or the like is used, the crushed slurry
must be dried. The drying method is not particularly
restricted, and examples include filtration drying, fluidized
bed drying and spray-drying.

(2) Powder Preparation Step

Next, zinc oxide powder as a zinc source is mixed with the
mixed powder with a mean particle size of no greater than 1
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um, obtained by the calcining step, to the final composition, to
obtain a molding powder. Here, using zinc oxide powder as
the zinc source can reduce the complexity of the process and
minimize additional operations such as powder treatment. A
zinc compound other than zinc oxide, such as a nitrate, chlo-
ride or carbonate, may be used after calcination to an oxide.
The particle size of such a powder is preferably no greater
than 1.5 um and more preferably 0.1 to 1.5 pm, as the mean
particle size, from the viewpoint of handleability. Using such
a powder can provide an improving effect on the sintered
material density. A molding powder, in particular, preferably
has a mean particle size of no greater than 1 um. This can
improve the sinterability.

The purity of each starting powder will usually be 99 wt %
or greater, preferably 99.9 wt % or greater and more prefer-
ably 99.99 wt % or greater. A low purity can adversely affect
the properties of the transparent conductive oxide film formed
by a sputtering target composed of the sintered composite
oxide 2, due to impurities.

The final mixing ratios of the starting materials, i.e. the
final composition, reflect the atomic ratios of the elements
composing the sintered composite oxide 2 that is to be
obtained. Therefore, mixing of the mixed powder and zinc
oxide powder, during preparation of the molding powder, is
accomplished with the atomic ratio of zinc, aluminum and
titanium in a proportion that satisfies the following equations

1) to (3).

(AL+Ti)/(Zn+AL+Ti)=0.004-0.055 o)

Al(Zn+Al+Ti)=0.002-0.025 )

TI/(Zn+Al+Ti)=0.002-0.048 3)

The molding powder obtained in this manner is preferably
granulated before molding. This can increase the flow prop-
erty during molding, for superior productivity. The granula-
tion method is not particularly restricted, and may be spray-
drying granulation or tumbling granulation, for example.
Usually a granulated powder with a mean particle size of
several pm to 1000 um will be used.

(3) Molding Step

The molding method is not particularly restricted so long
as the molding powder can be molded into the desired shape.
Examples include press molding, cast molding and injection
molding. The molding pressure is not particularly restricted
so long as it allows a manageable compact to be obtained
without generating cracks. With a relatively high molding
pressure, such as molding at 500 kg/cm® to 3.0 ton/cm?
(49.0333 to 294.2 MPa) by press molding, for example, it is
easy to obtain a sintered composite oxide 2 without aluminum
oxide particles or titanium oxide particles, and with a relative
density of 80% or greater. The molding density is preferably
as high as possible. A method such as cold isostatic pressure
(CIP) molding may be employed for this purpose. During the
molding, a molding aid such as polyvinyl alcohol, an acrylic
polymer, methyl cellulose, a wax or oleic acid may also be
used.

(4) Firing Step

The obtained compact is then fired at 800° C. to 1500° C.
Firing in this temperature range can yield a sintered compos-
ite oxide 2 comprising particles with a fine mean particle size.
From the viewpoint of inhibiting the volatilization loss char-
acteristic of zinc oxide-based composite oxides, and increas-
ing the sintered density, the firing temperature is more pref-
erably in the range of 900° C. to 1400° C. If the firing
temperature is 900° C. to 1400° C., it will be easy to obtain a
sintered composite oxide 2 without aluminum oxide particles
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or titanium oxide particles, and having a relative density of
80% or greater. Firing at a temperature of higher than 1500°
C. will result in a notable increase in the mean particle size of
the sintered composite oxide. Anomalous discharge during
sputtering will therefore be notably increased when it is used
as a sputtering target.

When a molding aid has been used during molding, it is
preferred to add a degreasing step before firing, from the
viewpoint of preventing damage such as cracking during
heating.

According to this embodiment, a high sintered density is
obtained by controlling the mean particle size of the particles
composing the sintered composite oxide, as described above.
It is thus possible to adequately inhibit anomalous discharge
during sputtering, when it is used as a target.

There are no particular restrictions on the firing time,
which will also depend on the firing temperature, but it will
usually be 1 to 24 hours. It is preferably 3 to 12 hours. This is
to ensure homogeneity in the sintered composite oxide 2. The
homogeneity can be ensured even if the firing time is longer
than 24 hours. However, a time of up to 24 hours is sufficient
in consideration of the effect on productivity. With a long
holding time of longer than 30 hours, in particular, the
increase in the mean particle size of the sintered composite
oxide becomes significant, and anomalous discharge tends to
increase during sputtering when it is used as a target. In order
to obtain a sintered composite oxide 2 comprising particles
with an even finer mean particle size, the firing time is most
preferably 3 to 12 hours.

The temperature-elevating rate is not particularly
restricted, but for a temperature range of 800° C. or higher, it
is preferably no greater than 50° C./hr. This is to ensure
homogeneity of the sintered composite oxide 2.

The firing atmosphere is also not particularly restricted,
and may be appropriately selected, for example, from among
air, oxygen and inert gas atmospheres. The amount is more
preferably a low oxygen concentration rather than air. This
will facilitate introduction of oxygen defects into the sintered
composite oxide 2, thereby lowering the resistivity of the
sintered composite oxide and allowing anomalous discharge
to be even further reduced. The pressure during firing is also
not particularly restricted, and firing may be carried out at
ordinary pressure or under pressure or reduced pressure. Fir-
ing can also be accomplished by hot isostatic pressing (HIP).

The (3) molding step and (4) firing step may be carried out
simultaneously. That is, production may be by hot pressing in
which the powder prepared in the (2) powder preparation step
is packed into a molding die and fired, or a method of melting
and injection of the same powder at high temperature into the
prescribed shape.

(Sputtering Target)

The sputtering target of this embodiment comprises a sin-
tered composite oxide 2. A transparent conductive oxide film
formed by sputtering using such a sputtering target has low
resistivity, excellent optical transparency not only in the vis-
ible region but also the infrared region, and excellent dura-
bility. Such a sputtering target also has excellent discharge
properties during film formation, and reduced anomalous
discharge allowing stable film formation.

According to this embodiment, the sintered composite
oxide 2 may be used directly as a sputtering target, or the
sintered composite oxide 2 may be worked into a prescribed
shape for use as a sputtering target.

The surface roughness of the sputtering surface of the
sputtering target is preferably no greater than 3 um and more
preferably no greater than 2 um, as the center line average
roughness (Ra). This can further inhibit the number of
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anomalous discharges during film formation, to allow stable
film formation. The center line average roughness can be
adjusted by a method of machining the sputtering surface of
the sintered composite oxide using different number grinding
stones, or a method of vapor blasting, such as sand blasting.
Also, the center line average roughness can be determined by
evaluating the measuring surface with a surface texture meter.
(Transparent Conductive Oxide Film)

The transparent conductive oxide film of this embodiment
may be produced, for example, by sputtering using the afore-
mentioned sputtering target.

The sputtering method for production of a transparent con-
ductive oxide film for this embodiment may be appropriately
selected from among DC sputtering, RF sputtering, AC sput-
tering, DC magnetron sputtering, RF magnetron sputtering
and ion beam sputtering. Of these, DC magnetron sputtering
and RF magnetron sputtering are preferred to allow high-
speed film formation uniformly over large areas.

There are no particular restrictions on the temperature of
the substrate to be used for sputtering, as it will depend on the
heat resistance of the substrate. When the substrate is non-
alkaline glass, for example, it is usually preferred to be no
higher than 250° C., and it is usually preferred to be no higher
than 150° C. when the substrate is a resin film. Naturally, film
formation may be at a higher temperature when the substrate
to be used is quartz, ceramic, metal or the like, which have
excellent heat resistance.

The atmosphere gas for sputtering will usually be an inert
gas, and argon gas, for example, may be used. If necessary,
oxygen gas, nitrogen gas or hydrogen gas may be used.

Preferred embodiments of the invention were described
above, but the invention is not limited to these embodiments.
For example, the sintered composite oxide 2 was described as
a disc shape, but it may instead have a different shape.

EXAMPLES

The invention will now be explained in greater detail with
reference to examples and comparative examples, with the
understanding that the invention is not limited thereto. The
evaluation methods for the starting powders, sintered com-
posite oxides, sputtering targets and transparent conductive
oxide films are as follows.

[Starting Powder]

The physical properties of the starting powders used were
as follows. The zinc oxide powder had a purity of 99.8 wt %,
aBET specific surface area of 4 m*/g and a mean particle size
D, of 2.4 um. The aluminum oxide powder had a purity of
99.99 wt %, a BET specific surface area of 14 m*/g and a
mean particle size D,, of 1.6 pm. The titanium oxide powder
had a purity of 99.9 wt %, a BET specific surface area of 6.5
m?/g and a mean particle size D, of 2.2 um.

(BET Specific Surface Area)

A MONOSORB (manufactured by U.S. Quantachrome)
was used for measurement by the single-point BET method.
(Powder Mean Particle Size)

A COULTER LS130 (manufactured by Coulter Electron-
ics) was used for measurement with a liquid module, in dis-
tilled water. The measured value is based on volume.

[Evaluation of Sintered Composite Oxide]

(Composition)

This was quantified by ICP luminescence analysis.
(Sintered Material Density)

The density of the sintered composite oxide was measured
by Archimedes’ method, according to JIS-R1634-1998. The
relative density was calculated from the measured density and
the theoretical density.
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(Mean Particle Size)

The mean particle sizes of each of the particles in the
sintered composite oxide were determined by the following
procedure. After cutting the sintered composite oxide to an
appropriate size, it was surface-polished. The polished sur-
face was subjected to chemical etching using a dilute acetic
acid solution, to render the grain boundaries distinct. The
polished surface of the sample was photographed using an
SEM and EPMA, and the composition of each of the particles
was confirmed. Particles with a hexagonal wurtzite structure
and particles with a ZnTiO;-like structure and/or Zn, Ti;O,-
like structure were identified, the long diameters of 500 par-
ticles of each structure were measured and the arithmetic
mean was calculated. This value was recorded as the mean
particle size.

(X-Ray Diffraction Test)
The measuring conditions were as follows.

X-ray source: CuKa

Power: 40 kV, 40 mA

Scanning rate: 1°/min

The obtained diffraction pattern was analyzed, and classi-
fied as 1) a hexagonal wurtzite form structure phase, 2) a
ZnTiOj;-like structure and/or Zn,Ti;Og-like structure phase,
3) zinc aluminate (ZnAl,O,,) spinel oxide structure phase, and
4) a crystal phase other than 1) to 3), such as an aluminum
oxide phase or titanium oxide phase (listed as “other crystal
phase” in the tables). A listing of ““yes” indicated that a crystal
phaseof 1), 2), 3) or 4) was identified, and “no” indicates that
no such crystal phase was identified.

[Sputtering Target Evaluation]

(Center Line Average Roughness)

The center line average roughness Ra was determined by
evaluation using a surface texture meter (trade name:
SV-3100 by Mitsutoyo Corp.), with the sputtering surface of
the sputtering target as the measuring surface.

(Discharge Property)

The number of anomalous discharges produced per hour
under the following sputtering conditions was calculated.
<Sputtering Conditions>

Apparatus: DC magnetron sputtering apparatus (Ulvac,
Inc.)

Magnetic field intensity: 1000 Gauss (directly above tar-
get, horizontal component)

Substrate temperature: Room temperature (approximately
25°C)

Ultimate vacuum: 5x107> Pa

Sputtering gas: argon

Sputtering gas pressure: 0.5 Pa

DC power: 300 W

Sputtering time: 30 hours

[Transparent Conductive Oxide Film Evaluation]
(Transmittance)

The light transmittance of the integrated body of the sub-
strate and transparent conductive oxide film formed thereover
was measured using a U-4100 spectrophotometer (trade
name of Hitachi, L.td.), at a wavelength in the range of 240 nm
to 2600 nm. The mean value of the transmittance at a wave-
length 0400 nm to 800 nm was recorded as the transmittance
in the visible region, and the mean value of the transmittance
at a wavelength of 800 nm to 1200 nm was recorded as the
transmittance in the infrared region. The transmittance of the
transparent conductive oxide film was determined by the
following formula.

((Transmittance of integrated body of substrate and
transparent conductive oxide film)/(transmittance
of substrate alone))x100(%)
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(Resistance)

The resistance of the transparent conductive oxide film
(sheet resistance) was measured using an HL.5500 (trade
name of Japan Bio-Rad Laboratories, Inc.).

(Durability)

A sample of the transparent conductive oxide film was
exposed to an environment at a temperature of 85° C. and a
relative humidity of 85% for 1000 consecutive hours, and the
change in resistivity was observed. Defining the resistivity
before and after the test as A and B respectively, the value of
(B—A)/A in % units was recorded as the index of durability
(reliability). In most cases, this value tends to increase as the
test time progresses. A smaller value indicates more excellent
durability.

Example 1
Fabrication of Sintered Composite Oxide

The aluminum oxide powder and titanium oxide powder
were mixed to the Al and Ti atomic ratio listed in Table 1 and
blended with a dry ball mill, to obtain mixed powder (A). The
mixed powder (A) was calcined in air at 1000° C. and pul-
verized to obtain mixed powder (B) having a mean particle
size of no greater than 1 um. To this mixed powder (B) there
was further added the aforementioned zinc oxide powder to
the Al, Ti and Zn atomic ratio listed in Table 1, and the mixture
was blended with a wet bead mill and spray-dried to obtain
mixed powder (C). The mean particle size of the mixed pow-
der (C)was no greater than 1 pm. The obtained mixed powder
(C) was subjected to die molding using a die with a diameter
of 150 mm at 0.3 ton/cm? (29.42 MPa), and then CIP molding
at3.0ton/cm? (294.2 MPa), to obtain a compact. The compact
was fired under the following conditions to obtain a sintered
composite oxide for Example 1.

(Firing Conditions)

Temperature-elevating rate: 50° C./hr

Firing temperature: 1200° C.

Firing time: 3 hours

Firing atmosphere: nitrogen

Temperature-lowering rate: 100° C./hr
(Evaluation of Sintered Composite Oxide)

The relative density of the sintered composite oxide was as
shown in Table 1. The obtained sintered composite oxide was
pulverized and the product phase was identified by an X-ray
diffraction test. As a result, there was only detected a diffrac-
tion peak attributable to a zinc oxide-containing hexagonal
wurtzite structure phase, and an aluminum- and titanium-
containing ZnTiO;-like structure and Zn, Ti,Og-like structure
phase. On the other hand, no diffraction peak was detected for
an aluminum oxide phase, a titanium oxide phase or a spinel
oxide phase of zinc aluminate with zinc and aluminum in
solid solution.

The polished surface of the sintered composite oxide was
also analyzed by SEM and EPMA. As a result, it was con-
firmed that aluminum and titanium form compounds with
zinc and exist as particles with a ZnTiO;-like structure and a
7Zn,Ti;04-like structure. Furthermore, it was confirmed that
the particles coexist with particles in a hexagonal wurtzite
structure phase. The mean particle sizes of the particles were
determined by the method described above. The evaluation
results for the sintered composite oxide of Example 1 are
shown in Table 1.

(Fabrication and Evaluation of Sputtering Target, and Fabri-
cation of Transparent Conductive Oxide Film)

The sintered composite oxide of Example 1 was worked
into a 4-inch ¢ size to obtain a sputtering target. One side of
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the sputtering target had its center line average roughness
adjusted using a surface grinding machine and a diamond
grinding stone, changing the number of the grinding stone, to
prepare a sputtering surface. The center line average rough-
ness of the sputtering surface was as shown in Table 3. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 3.

The obtained sputtering target was used for film formation
by DC magnetron sputtering under the following conditions,
to obtain a transparent conductive oxide film for Example 1.
(Sputtering Film Formation Conditions)

Apparatus: DC magnetron sputtering apparatus

Magnetic field intensity: 1000 Gauss (directly above tar-
get, horizontal component)

Substrate temperature: 200° C.

Ultimate vacuum: 5x107> Pa

Sputtering gas: argon

Sputtering gas pressure: 0.5 Pa

DC power: 300 W

Film thickness: 1000 nm

Substrate used: Non-alkaline glass (#1737 glass by Corn-
ing, Inc., thickness: 0.7 mm)

The number of anomalous discharges produced per hour
during sputtering is listed as “discharge property” in Table 3.
The resistance, transmittance and durability of the transpar-
ent conductive oxide film of Example 1 are shown in Table 3.
(Evaluation of Transparent Conductive Oxide Film)

The generated phase of the transparent conductive oxide
film of Example 1 was measured by the same method as the
X-ray diffraction test for the sintered composite oxide. As a
result, the transparent conductive oxide film was found to be
composed entirely of a hexagonal wurtzite structure phase.

Examples 2 to 36

Compacts were obtained for Examples 2 to 36 in the same
manner as Example 1, except that the mixing proportions of
the aluminum oxide powder and titanium oxide powder for
obtaining mixed powder (A) were the atomic ratios listed in
Table 1, and the mixing proportions of mixed powder (B) and
zinc oxide powder for obtaining mixed powder (C) were the
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atomic ratios listed in Table 1. The compact was fired under
the conditions shown in Table 2, to obtain sintered composite
oxides for Examples 2 to 36.

The sintered composite oxides of Examples 2 to 36 were
evaluated in the same manner as Example 1. As a result, for
each of the sintered composite oxides of Examples 2 to 36,
there were detected only diffraction peaks attributable to a
zinc oxide-containing hexagonal wurtzite structure phase,
and an aluminum- and titanium-containing ZnTiO;-like
structure and Zn,Ti;O4-like structure phase. On the other
hand, no diftraction peak was detected for an aluminum oxide
phase, a titanium oxide phase and a spinel oxide phase of zinc
aluminate with zinc and aluminum in solid solution.

The polished surfaces of the sintered composite oxides of
Examples 2 to 36 were also analyzed by SEM and EPMA. As
a result, it was confirmed that aluminum and titanium form
compounds with zinc and exist as particles with a ZnTiO,-
like structure and a Zn, Ti;O4-like structure. Furthermore, it
was confirmed that the particles coexist with particles in a
hexagonal wurtzite structure phase. The mean particle sizes
of the particles were determined by the method described
above. The evaluation results for the sintered composite
oxides of Examples 2 to 36 are shown in Table 1.

Sputtering targets for Examples 2 to 36 were fabricated and
evaluated in the same manner as Example 1. The number of
anomalous discharges produced per hour during sputtering is
listed as “discharge property” in Table 3.

The sputtering targets of Examples 2 to 36 were each used
in the same manner as Example 1 to form films by DC mag-
netron sputtering, to obtain transparent conductive oxide
films for Examples 2 to 36. The sputtering film formation
conditions were the same as in Example 1.

The resistance, transmittance and durability of the trans-
parent conductive oxide films of Examples 2 to 36 are shown
in Table 3.

The generated phases of the transparent conductive oxide
films of Examples 2 to 36 were measured in the same manner
as Example 1. As a result, the transparent conductive oxide
films of Examples 2 to 36 were all found to be composed
entirely of a hexagonal wurtzite structure phase.

TABLE 1

Final composition of powder and sintered

Sintered composite oxide properties

Mean particle size Crystal phase

composition (atomic ratio) (um) (X-ray diffraction test Relative
(Al + Ti)/ Al/ Ti/ Particles  Particles Ax/ density

(Zn+Al+Ti) (Zn+Al+Ti) (Zn+Al+Ti) A) B) (1) 2) (Ax+Ay) 3) 4 (%)
Example 1 0.006 0.003 0.003 154 2.0 yes yes 0.18 no no 984
Example 2 0.013 0.010 0.003 11.2 1.8 yes yes 0.22 no no 99.1
Example 3 0.023 0.020 0.003 5.8 0.6 yes yes 0.20 no no 99.5
Example 4 0.028 0.025 0.003 5.8 0.7 yes yes 0.18 no no 99.5
Example 5 0.013 0.003 0.010 8.3 0.9 yes yes 0.24 no no 994
Example 6 0.018 0.008 0.010 5.6 0.7 yes yes 0.45 no no 993
Example 7 0.030 0.020 0.010 6.1 0.5 yes yes 0.35 no no 99.8
Example 8 0.035 0.025 0.010 6.3 0.7 yes yes 0.45 no no 99.7
Example 9 0.021 0.003 0.018 53 1.0 yes yes 0.54 no no 99.5
Example 10 0.025 0.007 0.018 7.2 1.7 yes yes 0.61 no no 99.6
Example 11 0.043 0.025 0.018 55 1.0 yes yes 0.50 no no 99.6
Example 12 0.028 0.003 0.025 6.4 1.3 yes yes 0.57 no no 993
Example 13 0.035 0.010 0.025 5.8 1.1 yes yes 0.68 no no 99.2
Example 14 0.050 0.025 0.025 8.0 1.8 yes yes 0.47 no no 99.7
Example 15 0.041 0.003 0.038 6.4 2.4 yes yes 0.64 no no 99.8
Example 16 0.048 0.010 0.038 7.3 1.8 yes yes 0.66 no no 99.5
Example 17 0.050 0.003 0.047 6.7 1.4 yes yes 0.66 no no 99.6
Example 18 0.013 0.010 0.003 18.6 4.7 yes yes 0.24 no no 99.2
Example 19 0.013 0.010 0.003 14.0 4.0 yes yes 0.24 no no 994
Example 20 0.013 0.010 0.003 11.8 2.0 yes yes 0.18 no no 99.2
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Sintered composite oxide properties

Final composition of powder and sintered Mean particle size Crystal phase
composition (atomic ratio) (pm) (X-ray diffraction test) Relative
(Al + Tiy/ Al/ Ti/ Particles  Particles Ax/ density
(Zn+Al+Ti) (“Zn+Al+Ti) (Zn+Al+Ti) (A) (B) 1) 2) Ax+Ay) 3) @) (%)
Example 21 0.013 0.010 0.003 6.6 0.6 yes yes 0.17 no no 980
Example 22 0.013 0.010 0.003 12.5 2.2 yes yes 0.22 no no 993
Example 23 0.013 0.010 0.003 15.0 3.5 yes yes 0.26 no no 992
Example 24 0.013 0.010 0.003 11.4 2.1 yes yes 0.22 no no 992
Example 25 0.013 0.010 0.003 11.9 2.0 yes yes 0.20 no no 993
Example 26 0.018 0.008 0.010 10.8 3.0 yes yes 0.50 no no 992
Example 27 0.018 0.008 0.010 9.2 2.6 yes yes 0.46 no no 994
Example 28 0.018 0.008 0.010 6.0 1.8 yes yes 0.44 no no 994
Example 29 0.018 0.008 0.010 5.8 0.6 yes yes 0.40 no no 983
Example 30 0.018 0.008 0.010 7.3 2.1 yes yes 0.45 no no 995
Example 31 0.018 0.008 0.010 8.6 2.3 yes yes 0.47 no no 994
Example 32 0.018 0.008 0.010 7.4 1.6 yes yes 0.48 no no 991
Example 33 0.018 0.008 0.010 6.0 1.8 yes yes 0.44 no no 991
Example 34 0.013 0.010 0.003 11.2 1.8 yes yes 0.22 no no 991
Example 35 0.013 0.010 0.003 11.2 1.8 yes yes 0.22 no no 991
Example 36 0.013 0.010 0.003 11.2 1.8 yes yes 0.22 no no 991
Example 37 0.018 0.008 0.010 5.6 0.7 yes yes 0.45 no no 993
Example 38 0.018 0.008 0.010 5.6 0.7 yes yes 0.45 no no 993
Example 39 0.018 0.008 0.010 5.6 0.7 yes yes 0.45 no no 993
In Table, Particles (A) represent the particles having a TABLE 2-continued
hexagonal wurtzite structure, and Particles (B) represent the
particles having a ZnTiO;-like structure and Zn,Ti;O4-like 35 Firing conditions
structure. In Crystal phase in Table, 1) represents a hexagonal
wurtzite form structure phase, 2) represents a ZnTiO;-like Temper-
structure and Zn,Ti,04-like structure phase, 3) represents a ature-  Firing
zinc aluminate (ZnAl,0,) spinel oxide structure phase, and 4) elevating temper- Firing Firing Temperature-
represents a crystal phase other than 1) to 3), such as an 40 rate ature  time  atmos- lowering rate
aluminum oxide phase or titanium oxide phase. CCh)  (C)  (h) phere © C./hr)
TABLE 2 Example 20 50 1100 3 Nitrogen 100
Firing condition 45 Example 21 50 900 3 Nitrogen 100
Example 22 50 1200 5 Nitrogen 100
Temper- Example 23 50 1200 10 Nitrogen 100
ature- Firing .
elevating temper- Firing Firing Temperature- Example 24 30 1200 3 Alr 100
rate ature time atmos- lowering rate Example 25 50 1100 3 Air 100
(°C/hy  (°C)  (hr) phere CChn 50 pomple 26 50 1500 3 Nitrogen 100
Example 1 50 1200 3 Nitrogen 100 Example 27 50 1400 3 Nitrogen 100
Example 2 50 1200 3 Nitrogen 100 Example 28 50 1100 3 Nitrogen 100
Example 3 50 1200 3 Nitrogen 100 .
Example 4 50 1200 3 Nitrogen 100 Example 29 50 900 3 Nitrogen 100
Example 5 50 1200 3 Nitrogen 100 55 Example 30 50 1200 5 Nitrogen 100
Example 6 50 1200 3 Nitrogen 100 Example 31 50 1200 10 Nitrogen 100
Example 7 50 1200 3 Nitrogen 100
Example 8 50 1200 3 Nitrogen 100 Example 32 50 1200 3 Air 100
Examr’}e ?o 28 388 ; E@tmgen 188 Example 33 50 1100 3 Air 100
xample itrogen .
Exmgle " P 00 3 ngen 100 " Example 34 50 1200 3 N%trogen 100
Example 12 50 1200 3 Nitrogen 100 Example 35 50 1200 3 Nitrogen 100
Example 13 50 1200 3 Nitrogen 100 Example 36 50 1200 3 Nitrogen 100
Example 14 50 1200 3 Nitrogen 100 .
Example 15 50 1200 3 Nitrogen 100 Example 37 50 1200 3 Nitrogen 100
Example 16 50 1200 3 Nitrogen 100 Example 38 50 1200 3 Nitrogen 100
Bawlel 0 L3 N Wil o e 3 ovees 0
Example 19 50 1400 3 Nitrogen 100
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TABLE 3
Target properties Properties of transparent conductive oxide film
Center line Discharge Sheet Transmittance (%)
average roughness  property resistance Visible region Infrared region Durability

(nm) (times/hr) Q) (400-800 nm)  (800-1200 nm) (%)
Example 1 0.55 11.6 18.9 88.1 92.8 25.1
Example 2 0.49 10.7 12.1 89.0 90.1 22.2
Example 3 0.41 11.0 7.4 38.4 84.0 15.3
Example 4 0.48 11.3 5.1 87.2 81.7 12.2
Example 5 0.37 6.2 8.3 88.0 90.3 6.2
Example 6 0.35 6.6 8.0 89.5 85.8 3.4
Example 7 0.48 9.5 8.5 89.8 80.2 2.2
Example 8 0.42 9.2 9.3 89.3 81.4 1.8
Example 9 0.35 7.8 9.8 87.7 94.3 2.2
Example 10 0.45 12.2 13.1 38.4 86.8 2.4
Example 11 0.40 114 7.5 87.9 82.7 1.6
Example 12 0.40 7.3 17.6 87.8 89.1 2.0
Example 13 0.42 8.5 15.2 89.2 83.0 2.5
Example 14 0.38 7.1 17.8 88.7 82.6 2.3
Example 15 0.41 6.4 26.2 87.2 87.7 2.6
Example 16 0.41 8.7 22.1 88.0 85.3 2.2
Example 17 0.47 5.1 16.4 86.9 85.1 2.0
Example 18 0.41 13.3 12.1 88.8 90.0 22.2
Example 19 0.41 11.5 11.9 88.8 89.9 21.6
Example 20 0.53 10.3 12.2 89.0 90.3 21.7
Example 21 0.48 13.4 12.0 88.6 90.1 21.8
Example 22 0.51 10.4 12.1 89.2 90.1 22.4
Example 23 0.44 11.0 12.1 88.9 89.8 22.2
Example 24 0.46 10.9 12.0 89.0 90.1 22.0
Example 25 0.43 10.6 11.8 88.9 90.0 22.4
Example 26 0.37 8.9 13.0 89.4 85.6 3.4
Example 27 0.40 8.3 13.1 89.4 85.8 3.1
Example 28 0.35 6.2 13.1 89.7 85.8 3.8
Example 29 0.38 9.2 13.0 89.5 86.0 3.5
Example 30 0.42 7.8 12.8 89.3 86.0 3.5
Example 31 0.46 8.5 13.2 89.8 85.8 3.3
Example 32 0.35 6.9 13.0 89.3 85.7 3.4
Example 33 0.42 6.8 12.8 89.5 85.9 3.2
Example 34 1.85 11.6 11.9 89.2 90.0 21.8
Example 35 2.73 13.1 12.1 89.0 90.0 22.2
Example 36 3.14 18.8 12.0 88.7 90.1 22.1
Example 37 1.73 9.7 13.3 89.6 86.0 3.3
Example 38 2.88 10.9 13.1 89.2 85.8 3.4
Example 39 3.16 15.2 13.4 89.5 85.8 3.4

Comparative Example 1
Fabrication of Sintered Composite Oxide

The zinc oxide powder was pulverized with a dry ball mill
to a mean particle size of no greater than 1 pum. The powder
was subjected to die molding using a die with a diameter of
150 mm at 0.3 ton/cm? (29.42 MPa), and then CIP molding at
3.0 ton/cm? (294.2 MPa), to obtain a compact. The compact
was fired under the conditions shown in Table 5, to obtain a
sintered composite oxide for Comparative Example 1.

The sintered composite oxide of Comparative Example 1
was evaluated in the same manner as Example 1. As a result,
in the sintered composite oxide of Comparative Example 1,
there was detected only a diffraction peak attributable to a
zinc oxide-containing hexagonal wurtzite structure phase.
The mean particle size of the particles of the sintered com-
posite oxide was determined in the same manner as Example
1. The evaluation results for the sintered composite oxide of
Comparative Example 1 are shown in Table 4.

A sputtering target for Comparative Example 1 was fabri-
cated and evaluated in the same manner as Example 1. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 6.

The sputtering target of Comparative Example 1 was used
in the same manner as Example 1 to form a film by DC

45

magnetron sputtering, to obtain a transparent conductive
oxide film for Comparative Example 1. The sputtering film
formation conditions were the same as in Example 1. The
resistance, transmittance and durability of the transparent
conductive oxide film of Comparative Example 1 are shown
in Table 6.

The generated phase of the transparent conductive oxide
film of Comparative Example 1 was measured in the same
manner as Example 1. As a result, the transparent conductive
oxide film of Comparative Example 1 was found to be com-
posed entirely of a hexagonal wurtzite structure phase.

Comparative Examples 2 to 5

The aforementioned aluminum oxide powder and zinc
oxide powder were combined with the Al and Zn atomic
ratios of Comparative Examples 2 to 5 in Table 4, blended
with a wet bead mill, and spray-dried. The mean particle size
was no greater than 1 um. The obtained powder was subjected
to die molding using a die with a diameter of 150 mm at 0.3
ton/cm? (29.42 MPa), and then CIP molding at 3.0 ton/cm?
(294.2 MPa), to obtain a compact. The compact was fired
under the conditions shown in Table 5, to obtain sintered
composite oxides for Comparative Examples 2 to 5.

The sintered composite oxides of Comparative Examples 2
to 5 were evaluated in the same manner as Example 1. As a
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result, in the sintered composite oxides of Comparative
Examples 2 to 5, there were detected only diffraction peaks
attributable to a zinc oxide-containing hexagonal wurtzite
structure phase, and a spinel oxide phase of zinc aluminate
with zinc and aluminum in solid solution. However, no dif-
fraction peak attributable to an aluminum oxide phase was
detected. The evaluation results for the sintered composite
oxides of Comparative Examples 2 to 5 are shown in Table 4.

Sputtering targets for Comparative Examples 2 to 5 were
fabricated and evaluated in the same manner as Example 1.
The number of anomalous discharges produced per hour dur-
ing sputtering is listed as “discharge property” in Table 6.

The sputtering targets of Comparative Examples 2 to 5
were each used in the same manner as Example 1 to form
films by DC magnetron sputtering, to obtain transparent con-
ductive oxide films for Comparative Examples 2 to 5. The
sputtering film formation conditions were the same as in
Example 1. The resistance, transmittance and durability of
the transparent conductive oxide films of Comparative
Examples 2 to 5 are shown in Table 6.

The generated phases of the transparent conductive oxide
films of Comparative Examples 2 to 5 were measured in the
same manner as Example 1. As a result, the transparent con-
ductive oxide films of Comparative Examples 2 to 5 were all
found to be composed entirely of a hexagonal wurtzite struc-
ture phase.

Comparative Example 6

The aforementioned titanium oxide powder and zinc oxide
powder were combined with the Ti and Zn atomic ratio of
Comparative Example 6 in Table 4, blended with a wet bead
mill, and spray-dried. The mean particle size was no greater
than 1 um. The obtained powder was subjected to die molding
using a die with a diameter of 150 mm at 0.3 ton/cm? (29.42
MPa), and then CIP molding at 3.0 ton/cm? (294.2 MPa), to
obtain a compact. The compact was fired under the conditions
shown in Table 5, to obtain a sintered composite oxide for
Comparative Example 6.

The sintered composite oxide of Comparative Example 6
was evaluated in the same manner as Example 1. As a result,
for the sintered composite oxide of Comparative Example 6,
there were detected only diffraction peaks attributable to a
zinc oxide-containing hexagonal wurtzite structure phase,
and a titanium-containing ZnTiO;-like structure and
Zn,Ti;O04-like structure phase. However, no diffraction peak
attributable to a titanium oxide phase was detected.

Also, the polished surface of the sintered composite oxide
of Comparative Example 6 was analyzed by SEM and EPMA,
and the mean particle sizes of the ZnTiO;-like structured and
7Zn,Ti;04-like structured particles and the hexagonal wurtzite
structure phase particles were determined in the same manner
as Example 1. The evaluation results for the sintered compos-
ite oxide of Comparative Example 6 are shown in Table 4.

A sputtering target for Comparative Example 6 was fabri-
cated and evaluated in the same manner as Example 1. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 6.

The sputtering target of Comparative Example 6 was used
in the same manner as Example 1 to form a film by DC
magnetron sputtering, to obtain a transparent conductive
oxide film for Comparative Example 6. The sputtering film
formation conditions were the same as in Example 1.

The resistance, transmittance and durability of the trans-
parent conductive oxide film of Comparative Example 6 are
shown in Table 6.
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The generated phase of the transparent conductive oxide
film of Comparative Example 6 was measured in the same
manner as Example 1. As a result, the transparent conductive
oxide film of Comparative Example 6 was found to be com-
posed entirely of a hexagonal wurtzite structure phase.

Comparative Examples 7, 9, 10 and 12-21

Compacts were obtained for Comparative Examples 7, 9,
10 and 12-21 in the same manner as Example 1, except that
the mixing proportions of the aluminum oxide powder and
titanium oxide powder for obtaining mixed powder (A) were
the atomic ratios listed in Table 4, and the mixing proportions
of mixed powder (B) and zinc oxide powder for obtaining
mixed powder (C) were the atomic ratios listed in Table 4.
Each compact was fired under the conditions shown in Table
5, to obtain sintered composite oxides for Comparative
Examples 7, 9, 10 and 12-21.

The sintered composite oxides were evaluated in the same
manner as Example 1. As a result, for each of the sintered
composite oxides of Comparative Examples 7, 9, 10, 12-15,
17, 18, 20 and 21, there were detected only diffraction peaks
attributable to a zinc oxide-containing hexagonal wurtzite
structure phase, and an aluminum- and titanium-containing
ZnTiO;-like structure and Zn, Ti;O,-like structure phase. On
the other hand, no diftraction peak was detected for an alu-
minum oxide phase, a titanium oxide phase or a spinel oxide
phase of zinc aluminate with zinc and aluminum in solid
solution.

The polished surfaces of the sintered composite oxides of
Comparative Examples 7,9, 10,12-15,17,18,20and 21 were
also analyzed by SEM and EPMA. As a result, it was con-
firmed that aluminum and titanium form compounds with
zinc and exist as particles with a ZnTiO;-like structure and a
Zn,Ti;04-like structure. Furthermore, it was confirmed that
the particles coexist with particles in a hexagonal wurtzite
structure phase. The mean particle sizes of each of the par-
ticles were determined in the same manner as Example 1.

In contrast, for each of the sintered composite oxides of
Comparative Examples 16 and 19, there were detected dif-
fraction peaks attributable to a zinc oxide-containing hexago-
nal wurtzite structure phase, and an aluminum- and titanium-
containing ZnTiO;-like structure and Zn, T1;O04-like structure
phase, as well as trace diffraction peaks attributable to an
aluminum oxide phase, a titanium oxide phase and a spinel
oxide phase of zinc aluminate with zinc and aluminum in
solid solution. The polished surfaces of the sintered compos-
ite oxides were analyzed by SEM and EPMA, in the same
manner as Example 1. The mean particle sizes of the particles
were also determined in the same manner as Example 1.

The evaluation results for the sintered composite oxides of
Comparative Examples 7, 9, 10 and 12-21 are shown in Table
4. Sputtering targets were fabricated and evaluated for these
comparative examples, in the same manner as Example 1. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 6.

The sputtering targets of the comparative examples were
each used in the same manner as Example 1 to form films by
DC magnetron sputtering, to obtain transparent conductive
oxide films. The sputtering film formation conditions were
the same as in Example 1. The resistance, transmittance and
durability of the transparent conductive oxide films of Com-
parative Examples 7, 9, 10 and 12 to 21 were as shown in
Table 6.

The generated phases of the transparent conductive oxide
films of Comparative Examples 7, 9, 10 and 12-21 were
measured in the same manner as Example 1. As a result, the
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transparent conductive oxide films of Comparative Examples
7,9, 10 and 12-21 were all found to be composed entirely of
a hexagonal wurtzite structure phase.

Comparative Examples 8 and 11

The aforementioned titanium oxide powder and zinc oxide
powder were combined with the Ti and Zn atomic ratios of
Comparative Examples 8 and 11 in Table 4, blended with a
wet bead mill, and spray-dried. The mean particle size was no
greater than 1 um. The obtained powder was subjected to die
molding using a die with a diameter of 150 mm at 0.3 ton/cm?
(29.42 MPa), and then CIP molding at 3.0 ton/cm? (294.2
MPa), to obtain a compact. Each compact was fired under the
conditions shown in Table 5, to obtain sintered composite
oxides for Comparative Examples 8 and 11.

The sintered composite oxides of Comparative Examples 8
and 11 were evaluated in the same manner as Example 1. As
a result, for the sintered composite oxides of Comparative
Examples 8 and 11, there were detected only diffraction
peaks attributable to a zinc oxide-containing hexagonal
wurtzite structure phase, and a titanium-containing ZnTiO;-
like structure and Zn, Ti;Og-like structure phase. However, no
diffraction peak attributable to a titanium oxide phase was
detected.

Also, the polished surfaces of the sintered composite
oxides of Comparative Examples 8 and 11 were analyzed by
SEM and EPMA, and the mean particle sizes of the ZnTiO;-
like structured and Zn, Ti;Og-like structured particles and the
hexagonal wurtzite structure phase particles were determined
in the same manner as Example 1. The evaluation results for
the sintered composite oxides of Comparative Examples 8
and 11 are shown in Table 4.

Sputtering targets for Comparative Examples 8 and 11
were fabricated and evaluated in the same manner as Example
1. The number of anomalous discharges produced per hour
during sputtering is listed as “discharge property” in Table 6.

The sputtering targets of Comparative Examples 8 and 11
were used in the same manner as Example 1 to form films by
DC magnetron sputtering, to obtain transparent conductive
oxide films for Comparative Examples 8 and 11. The sputter-
ing film formation conditions were the same as in Example 1.
The resistance, transmittance and durability of the transpar-
ent conductive oxide films of Comparative Examples 8 and 11
are shown in Table 6.

The generated phases of the transparent conductive oxide
films of Comparative Examples 8 and 11 were measured in
the same manner as Example 1. As a result, the transparent
conductive oxide films of Comparative Examples 8 and 11
were both found to be composed entirely of a hexagonal
wurtzite structure phase.

Comparative Examples 22 to 24

The aforementioned zinc oxide powder, aluminum oxide
powder and titanium oxide powder were combined with the
Zn, Al and Ti atomic ratios of Comparative Examples 22 to 24
in Table 4, and blended with a wet ball mill. Polyvinyl alcohol
was added to 1 wt % with respect to the total solid weight of
the starting powder. After spray-drying, the obtained powder
was subjected to CIP molding at 3.0 ton/cm? (294.2 MPa),
and degreased in air at 500° C. to obtain a compact. The
compact was fired under the conditions shown in Table 5, to
obtain sintered composite oxides for Comparative Examples
22 to 24.

The sintered composite oxides of Comparative Examples
22 to 24 were evaluated in the same manner as Example 1. As
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a result, for each of the sintered composite oxides of Com-
parative Examples 22 to 24, there were detected only diffrac-
tion peaks attributable to a zinc oxide-containing hexagonal
wurtzite structure phase, and an aluminum- and titanium-
containing ZnTiO;-like structure and Zn, Ti,Og-like structure
phase. On the other hand, no diffraction peak was detected for
an aluminum oxide phase, a titanium oxide phase or a spinel
oxide phase of zinc aluminate with zinc and aluminum in
solid solution.

The polished surfaces of the sintered composite oxides of
Comparative Examples 22 to 24 were also analyzed by SEM
and EPMA. As a result, it was confirmed that aluminum and
titanium form compounds with zinc and exist as particles with
a ZnTiO;-like structure and a Zn,Ti;O4-like structure. Fur-
thermore, it was confirmed that the particles coexist with
particles in a hexagonal wurtzite structure phase. The mean
particle sizes of each of the particles were determined by the
same method as Example 1. The evaluation results for the
sintered composite oxides of Comparative Examples 22 to 24
are shown in Table 4.

Sputtering targets for Comparative Examples 22 to 24 were
fabricated and evaluated in the same manner as Example 1.
The number of anomalous discharges produced per hour dur-
ing sputtering is listed as “discharge property” in Table 6.

The sputtering targets of Comparative Examples 22 to 24
were each used in the same manner as Example 1 to form
films by DC magnetron sputtering, to obtain transparent con-
ductive oxide films for Comparative Examples 22 to 24. The
sputtering film formation conditions for Comparative
Example 23 were as follows. However, the sputtering film
formation conditions for Comparative Examples 22 and 24
were the same as Example 1.

(Sputtering Film Formation Conditions)

Apparatus: DC magnetron sputtering apparatus

Magnetic field intensity: 1000 Gauss (directly above tar-
get, horizontal component)

Substrate temperature: 25° C.

Ultimate vacuum: 5x10 Pa

Sputtering gas: argon

Sputtering gas pressure: 0.5 Pa

DC power: 300 W

Film thickness: 1000 nm

Substrate used: Non-alkaline glass (#1737 glass by Corn-
ing, Inc., thickness: 0.7 mm)

The resistance, transmittance and durability of the trans-
parent conductive oxide films of Comparative Examples 22 to
24 are shown in Table 6.

The generated phases of the transparent conductive oxide
films of Comparative Examples 22 to 24 were measured in the
same manner as Example 1. As a result, the transparent con-
ductive oxide films were all found to be composed entirely of
a hexagonal wurtzite structure phase.

Comparative Example 25

The aluminum oxide powder and titanium oxide powder
were weighed out to the Al and Ti atomic ratio listed in Table
4. The powders were mixed with zinc oxide in an equimolar
amount as the total number of moles of aluminum oxide and
titanium oxide, blended with a wet ball mill and dried to
obtain a mixed powder. The mixed powder was calcined in air
at 1000° C. to obtain a calcined powder. Zinc oxide powder
was added to the calcined powder to the atomic ratios of Al, Ti
and Zn listed in Table 4, and blended with a wet ball mill.
Polyvinyl alcohol was added to 1 wt % with respect to the
total solid weight of the starting powder. After spray-drying,
the obtained powder was subjected to die molding using a die
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with a diameter of 150 mm at 0.3 ton/cm? (29.42 MPa), and
then CIP molding at 3.0 ton/cm? (294.2 MPa) and degreasing
in air at 500° C., to obtain a compact. The compact was fired
under the conditions shown in Table 5, to fabricate a sintered
composite oxide compact.

The sintered composite oxide of Comparative Example 25
was evaluated in the same manner as Example 1. As a result,
for the sintered composite oxide of Comparative Example 25,
there were observed diffraction peaks attributable to a zinc
oxide-containing hexagonal wurtzite structure phase, an alu-
minum- and titanium-containing ZnTiO;-like structure and
Zn,Ti;O4-like structure phase, and a spinel oxide phase of
zinc aluminate with zinc and aluminum in solid solution.
However, no diffraction peak attributable to an aluminum
oxide phase or titanium oxide phase was detected. This con-
firmed the coexistence of a composite oxide phase of alumi-
num and zinc, and a composite oxide phase of titanium and
Zinc.

The mean particle sizes of the particles were also deter-
mined in the same manner as Example 1. The evaluation
results for the sintered composite oxide of Comparative
Example 25 are shown in Table 4.

A sputtering target for Comparative Example 25 was fab-
ricated and evaluated in the same manner as Example 1. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 6.

The sputtering target of Comparative Example 25 was used
in the same manner as Example 1 to form a film by DC
magnetron sputtering, to obtain a transparent conductive
oxide film for Comparative Example 25. The sputtering film
formation conditions were the same as in Example 1. The
resistance, transmittance and durability of the transparent
conductive oxide film are shown in Table 6.

The generated phase of the transparent conductive oxide
film was measured in the same manner as Example 1. As a
result, the transparent conductive oxide film of Comparative
Example 25 was found to be composed entirely of a hexago-
nal wurtzite structure phase.

Comparative Example 26

After mixing the aforementioned aluminum oxide powder
and zinc oxide powder in equimolar amounts using a wet ball
mill, the blend was dried to obtain mixed powder A. The
mixed powder A was calcined in air at 1000° C. Next, the
aforementioned titanium oxide powder and zinc oxide pow-
der were mixed in equimolar amounts using a wet ball mill,
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and the blend was dried to obtain mixed powder B. The mixed
powder B was calcined in air at 1000° C.

The calcined mixed powders A and B and zinc oxide pow-
der were mixed with a wet ball mill to the Al, Ti and Zn
composition listed in Table 6. Polyvinyl alcohol was added to
1 wt % with respect to the total solid weight of the starting
powder. After spray-drying, the obtained powder was sub-
jected to die molding using a die with a diameter of 150 mm
at 0.3 ton/cm? (29.42 MPa), and then CIP molding at 3.0
ton/cm?® (294.2 MPa) and degreasing in air at 500° C., to
obtain a compact. The compact was fired under the conditions
shown in Table 5, to fabricate a sintered composite oxide
compact.

The sintered composite oxide of Comparative Example 26
was evaluated in the same manner as Example 1. As a result,
for the sintered composite oxide of Comparative Example 26,
there were observed diffraction peaks attributable to a zinc
oxide-containing hexagonal wurtzite structure phase, an alu-
minum- and titanium-containing ZnTiO;-like structure and
Zn,Ti;O04-like structure phase, and a spinel oxide phase of
zinc aluminate with zinc and aluminum in solid solution.
However, no diffraction peak attributable to an aluminum
oxide phase or titanium oxide phase was detected. This con-
firmed the coexistence of a composite oxide phase of alumi-
num and zinc, and a composite oxide phase of titanium and
Zinc.

The mean particle sizes of the particles were also deter-
mined in the same manner as Example 1. The evaluation
results for the sintered composite oxide of Comparative
Example 26 are shown in Table 4.

A sputtering target for Comparative Example 26 was fab-
ricated and evaluated in the same manner as Example 1. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 6.

The sputtering target of Comparative Example 26 was used
in the same manner as Example 1 to form a film by DC
magnetron sputtering, to obtain a transparent conductive
oxide film for Comparative Example 26. The sputtering film
formation conditions were the same as in Example 1. The
resistance, transmittance and durability of the transparent
conductive oxide film are shown in Table 6.

The generated phases of the transparent conductive oxide
film were measured in the same manner as Example 1. As a
result, the transparent conductive oxide film of Comparative
Example 26 was found to be composed entirely of a hexago-
nal wurtzite structure phase.

TABLE 4

Final composition of powder and sintered

Sintered composite oxide properties

Mean particle size Crystal phase

composition (atomic ratio) (um) (X-ray diffraction test) Relative

(Al + Ti)/ Al/ Ti/ Particles  Particles Ax/ density
(Zn+Al+Ti) (Zn+Al+Ti) (Zn+Al+Ti) A) B) (1) 2) (Ax+Ay) 3) 4 (%)
Comp. Ex. 1 0.000 0.000 0.000 194 — yes no — no no 96.1
Comp. Ex. 2 0.010 0.010 0.000 12.0 — yes no — yes no 973
Comp. Ex. 3 0.020 0.020 0.000 52 — yes no — yes no 979
Comp. Ex. 4 0.027 0.027 0.000 6.0 — yes no — yes no  98.8
Comp. Ex. 5 0.032 0.032 0.000 54 — yes no — yes no  98.6
Comp. Ex. 6 0.003 0.000 0.003 17.8 2.4 yes yes 0.11 no no 99.0
Comp. Ex. 7 0.032 0.027 0.005 6.7 1.1 yes yes 0.12 no no 99.2
Comp. Ex. 8 0.020 0.000 0.020 54 1.6 yes yes 0.55 no no 99.2
Comp. Ex. 9 0.047 0.027 0.020 7.3 23 yes yes 0.52 no no 994
Comp. Ex. 10 0.052 0.027 0.025 7.3 2.2 yes yes 0.55 no no 994
Comp. Ex. 11 0.038 0.000 0.038 5.1 1.8 yes yes 0.68 no no 993
Comp. Ex. 12 0.058 0.020 0.038 5.9 0.6 yes yes 0.51 no no 994
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Final composition of powder and sintered

Sintered composite oxide properties

Mean particle size

Crystal phase

composition (atomic ratio) (um) (X-ray diffraction test) Relative
(Al + Tiy/ Al/ Ti/ Particles  Particles Ax/ density
(Zn+Al+Ti) (Zn+Al+Ti) (“Zn+Al+Ti) (A) B) 1) 2) (Ax+Ay) 3) 4 (%)
Comp. Ex. 13 0.057 0.010 0.047 3.8 0.4 yes yes 0.70 no no 994
Comp. Ex. 14 0.058 0.003 0.055 9.2 0.7 yes yes 0.68 no no 995
Comp. Ex. 15 0.013 0.010 0.003 28.5 8.8 yes yes 0.31 no no 994
Comp. Ex. 16 0.013 0.010 0.003 6.8 0.6 yes yes 0.24 yes yes  86.2
Comp. Ex. 17 0.013 0.010 0.003 22.7 6.2 yes yes 0.26 no no 994
Comp. Ex. 18 0.018 0.008 0.010 18.8 7.6 yes yes 0.41 no no 993
Comp. Ex. 19 0.018 0.008 0.010 6.2 0.7 yes yes 0.37 yes yes  86.7
Comp. Ex. 20 0.018 0.008 0.010 13.6 5.7 yes yes 0.48 no no 994
Comp. Ex. 21 0.045 0.035 0.010 6.3 1.1 yes yes 0.42 no no 993
Comp. Ex. 22 0.045 0.035 0.010 6.4 1.1 yes yes 0.40 no no 993
Comp. Ex. 23 0.045 0.035 0.010 6.4 1.1 yes yes 0.40 no no 993
Comp. Ex. 24 0.080 0.070 0.010 5.2 1.1 yes yes 0.33 no no 99.1
Comp. Ex. 25 0.025 0.007 0.018 8.5 2.4 yes yes 0.48 yes mo  99.5
Comp. Ex. 26 0.025 0.007 0.018 8.0 2.2 yes yes 0.44 yes mo  99.5
In Table, Particles (A) represent the particles having a hex- TABLE 5-continued
agonal wurtzite structure, and Particles (B) represent the par-
ticles having a ZnTiO;-like structure and Zn,Ti,Og-like 25 Firing conditions
structure. In Crystal phase in Table, 1) represents a hexagonal Temper-
wurtzite form structure phase, 2) represents a ZnTiO;-like ature-  Firing Temper-
structure and Zn,Ti,O4-like structure phase, 3) represents a elevating  temper-  Firing Firing ature-
. . . . rate ature time  atmos- lowering rate
zinc aluminate (ZnAl,0,) spinel oxide structure phase, and 4) ©eC/hn  (°C)  (hr) phere © C./hr)
represents a crystal phase other than 1) to 3), such as an 30
aluminum oxide phase or titanium oxide phase. Comp. Ex. 8 30 1200 3 Nitrogen 100
Comp. Ex. 9 50 1200 3 Nitrogen 100
Comp. Ex. 10 50 1200 3 Nitrogen 100
TABLE 5 Comp. Ex. 11 50 1200 3 Nitrogen 100
Comp. Ex. 12 50 1200 3 Nitrogen 100
Firing conditions 35 Comp. Ex. 13 50 1200 3 Nitrogen 100
Comp. Ex. 14 50 1200 3 Nitrogen 100
Temper- Comp. Ex. 15 50 1550 3 Nitrogen 100
ature- Firing Temper- Comp. Ex. 16 50 750 3 Nitrogen 100
elevating temper- Firing Firing ature- Comp. Ex. 17 50 1200 30 Nitrogen 100
rate ature time atmos- lowering rate Comp. Ex. 18 50 1550 3 Nitrogen 100
(° C./hr) (°C) (hr)  phere (° C./hr) 40 Comp. Ex. 19 50 750 3 Nitrogen 100
Comp. Ex. 20 50 1200 30 Nitrogen 100
Comp. Ex. 1 50 1100 3 Nitrogen 100 Comp. Ex. 21 50 1300 5 Nitrogen 100
Comp. Ex. 2 50 1200 3 Nitrogen 100 Comp. Ex. 22 50 1300 5 Nitrogen 100
Comp. Ex. 3 50 1200 3 Nitrogen 100 Comp. Ex. 23 50 1300 5 Nitrogen 100
Comp. Ex. 4 50 1200 3 Nitrogen 100 Comp. Ex. 24 50 1300 5 Nitrogen 100
Comp. Ex. 5 50 1200 3 Nitrogen 100 45 Comp. Ex. 25 50 1400 2 Air 100
Comp. Ex. 6 50 1200 3 Nitrogen 100 Comp. Ex. 26 50 1400 2 Air 100
Comp. Ex. 7 50 1200 3 Nitrogen 100
TABLE 6
Target properties Properties of transparent conductive oxide film
Center line Discharge Sheet Transmittance (%)
average property  resistance Visible region Infrared region Durability
roughness (um) (times/hr) [(*m)} (400-800 nm)  (800-1200 nm) (%)
Comp. Ex. 1 0.58 68.3 1560.0 84.7 90.5 999.0
Comp. Ex. 2 0.55 20.8 14.8 89.5 93.1 344.0
Comp. Ex. 3 042 13.7 6.2 88.6 82.3 354.0
Comp. Ex. 4 0.48 18.4 35 88.5 75.2 81.3
Comp. Ex. 5 0.48 20.5 3.4 87.3 71.0 15.2
Comp. Ex. 6 0.37 50.2 21.8 85.3 82.2 2553
Comp. Ex. 7 041 15.7 15.8 86.8 74.3 18.7
Comp. Ex. 8 0.35 19.6 45.2 86.0 81.0 224.0
Comp. Ex. 9 0.38 25.3 6.5 87.1 75.3 2.7
Comp. Ex. 10 043 10.9 8.4 86.8 77.2 2.9
Comp. Ex. 11 043 29.4 50.3 85.7 80.2 45.8
Comp. Ex. 12 0.44 11.8 327 86.8 80.4 2.5
Comp. Ex. 13 0.33 6.0 33.1 87.0 82.2 1.9
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TABLE 6-continued
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Target properties Properties of transparent conductive oxide film
Center line Discharge Sheet Transmittance (%)
average property resistance Visible region Infrared region Durability
roughness (um) (times/hr) (Q/O) (400-800 nm)  (800-1200 nm) (%)
Comp. Ex. 14 0.36 9.4 35.8 85.7 80.1 4.1
Comp. Ex. 15 0.38 30.1 12.5 89.0 88.3 24.2
Comp. Ex. 16 0.51 24.8 12.1 89.1 89.5 23.1
Comp. Ex. 17 0.39 26.8 12.4 88.7 88.5 22,5
Comp. Ex. 18 0.38 23.2 8.2 89.3 85.6 3.6
Comp. Ex. 19 0.50 20.9 8.8 89.3 85.8 3.8
Comp. Ex. 20 0.44 21.8 8.4 89.4 85.1 3.3
Comp. Ex. 21 0.43 11.3 6.8 89.0 63.8 3.8
Comp. Ex. 22 0.43 15.5 6.8 88.8 63.8 4.0
Comp. Ex. 23 0.43 15.5 28.3 66.7 78.7 62.3
Comp. Ex. 24 0.32 12.6 38.2 86.3 75.5 2.6
Comp. Ex. 25 0.46 42.3 13.5 88.1 86.2 2.7
Comp. Ex. 26 0.46 45.0 14.0 88.0 86.5 2.5
20
Examples 40 to 78 like structure and a Zn, Ti;O4-like structure. Furthermore, it

Compacts were obtained for Examples 40 to 78 in the same
manner as Example 1, except that the mixing proportions of
the aluminum oxide powder and titanium oxide powder for
obtaining mixed powder (A) were the atomic ratios listed in
Table 7, and the mixing proportions of mixed powder (B) and
zinc oxide powder for obtaining mixed powder (C) were the
atomic ratios listed in Table 7. The compact was fired under
the conditions shown in Table 8, to obtain sintered composite
oxides for Examples 40 to 78.

The sintered composite oxides of Examples 40 to 78 were
evaluated in the same manner as Example 1. As a result, for
each of the sintered composite oxides of Examples 40 to 78,
there were detected only diffraction peaks attributable to a
zinc oxide-containing hexagonal wurtzite structure phase,
and an aluminum- and titanium-containing ZnTiO;-like
structure and Zn,Ti;O,-like structure phase. On the other
hand, no diffraction peak was detected for an aluminum oxide
phase, a titanium oxide phase or a spinel oxide phase of zinc
aluminate with zinc and aluminum in solid solution.

The polished surfaces of the sintered composite oxides of
Examples 40 to 78 were also analyzed by SEM and EPMA.
As aresult, it was confirmed that aluminum and titanium form
compounds with zinc and exist as particles with a ZnTiO,-

40

was confirmed that the particles coexist with particles in a
hexagonal wurtzite structure phase. The mean particle sizes
of the particles were determined by the method described
above. The evaluation results for the sintered composite
oxides of Examples 40 to 78 are shown in Table 7.

Sputtering targets for Examples 40 to 78 were fabricated
and evaluated in the same manner as Example 1. The results
were as shown in Table 9. The sputtering targets of Examples
40 to 78 were each used in the same manner as Example 1 to
form films by DC magnetron sputtering, to obtain transparent
conductive oxide films for Examples 40 to 78. The sputtering
film formation conditions were the same as in Example 1.

The number of anomalous discharges produced per hour
during sputtering is listed as “discharge property” in Table 9.
The resistance, transmittance and durability of the transpar-
ent conductive oxide films of Examples 40 to 78 are shown in
Table 9.

The generated phases of the transparent conductive oxide
films of Examples 40 to 78 were measured in the same man-
ner as Example 1. As a result, the transparent conductive
oxide films of Examples 40 to 78 were all found to be com-
posed entirely of a hexagonal wurtzite structure phase.

TABLE 7

Final composition of powder and sintered

Sintered composite oxide properties

Mean particle size Crystal phase

composition (atomic ratio) (um) (X-ray diffraction test) Relative

(Al + Ti)/ Al/ Ti/ Particles  Particles Ax/ density
(Zn+Al+Ti) (Zn+Al+Ti) (Zn+Al+Ti) A) B) (1) 2) (Ax+Ay) 3) 4 (%)
Example 40 0.006 0.003 0.003 154 2.0 yes yes 0.18 no no 984
Example 41 0.013 0.010 0.003 11.2 1.8 yes yes 0.22 no no 99.1
Example 42 0.023 0.020 0.003 5.8 0.6 yes yes 0.20 no no 99.5
Example 43 0.028 0.025 0.003 5.8 0.7 yes yes 0.18 no no 99.5
Example 44 0.013 0.003 0.010 8.3 0.9 yes yes 0.24 no no 994
Example 45 0.020 0.010 0.010 5.6 0.7 yes yes 0.45 no no 993
Example 46 0.030 0.020 0.010 6.1 0.5 yes yes 0.35 no no 99.8
Example 47 0.035 0.025 0.010 6.3 0.7 yes yes 0.45 no no 99.7
Example 48 0.023 0.003 0.020 53 1.0 yes yes 0.54 no no 99.5
Example 49 0.030 0.010 0.020 7.2 1.7 yes yes 0.61 no no 99.6
Example 50 0.045 0.025 0.020 55 1.0 yes yes 0.50 no no 99.6
Example 51 0.028 0.003 0.025 6.4 1.3 yes yes 0.57 no no 993
Example 52 0.035 0.010 0.025 5.8 1.1 yes yes 0.68 no no 99.2
Example 53 0.050 0.025 0.025 8.0 1.8 yes yes 0.47 no no 99.7
Example 54 0.041 0.003 0.038 6.4 2.4 yes yes 0.64 no no 99.8
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Sintered composite oxide properties

Final composition of powder and sintered Mean particle size Crystal phase
composition (atomic ratio) (pm) (X-ray diffraction test) Relative
(Al + Tiy/ Al/ Ti/ Particles  Particles Ax/ density
(Zn+Al+Ti) (“Zn+Al+Ti) (Zn+Al+Ti) (A) (B) 1) 2) Ax+Ay) 3) @) (%)
Example 55 0.048 0.010 0.038 7.3 1.8 yes yes 0.66 no no 995
Example 56 0.050 0.003 0.047 6.7 1.4 yes yes 0.66 no no 99.6
Example 57 0.013 0.010 0.003 18.6 4.7 yes yes 0.24 no no 992
Example 58 0.013 0.010 0.003 14.0 4.0 yes yes 0.24 no no 994
Example 59 0.013 0.010 0.003 11.8 2.0 yes yes 0.18 no no 992
Example 60 0.013 0.010 0.003 6.6 0.6 yes yes 0.17 no no 98.0
Example 61 0.013 0.010 0.003 12.5 2.2 yes yes 0.22 no no 993
Example 62 0.013 0.010 0.003 15.0 3.5 yes yes 0.26 no no 992
Example 63 0.013 0.010 0.003 11.4 2.1 yes yes 0.22 no no 992
Example 64 0.013 0.010 0.003 11.9 2.0 yes yes 0.20 no no 993
Example 65 0.020 0.010 0.010 10.8 3.0 yes yes 0.50 no no 992
Example 66 0.020 0.010 0.010 9.2 2.6 yes yes 0.46 no no 994
Example 67 0.020 0.010 0.010 6.0 1.8 yes yes 0.44 no no 994
Example 68 0.020 0.010 0.010 5.8 0.6 yes yes 0.40 no no 983
Example 69 0.020 0.010 0.010 7.3 2.1 yes yes 0.45 no no 995
Example 70 0.020 0.010 0.010 8.6 2.3 yes yes 0.47 no no 994
Example 71 0.020 0.010 0.010 7.4 1.6 yes yes 0.48 no no 99.1
Example 72 0.020 0.010 0.010 6.0 1.8 yes yes 0.44 no no 99.1
Example 73 0.013 0.010 0.003 11.2 1.8 yes yes 0.22 no no 99.1
Example 74 0.013 0.010 0.003 11.2 1.8 yes yes 0.22 no no 99.1
Example 75 0.013 0.010 0.003 11.2 1.8 yes yes 0.22 no no 99.1
Example 76 0.020 0.010 0.010 5.6 0.7 yes yes 0.45 no no 993
Example 77 0.020 0.010 0.010 5.6 0.7 yes yes 0.45 no no 993
Example 78 0.020 0.010 0.010 5.6 0.7 yes yes 0.45 no no 993
In Table, Particles (A) represent the particles having a hex- TABLE 8-continued
agonal wurtzite structure, and Particles (B) represent the par-
. . . . . . 35 o "
ticles having a ZnTiO;-like structure and Zn,Ti;O,-like Firing conditions
structure. In Crystal phase in Table, 1) represents a hexagonal Temper
wurtzite form structure phase, 2) represents a ZnTiO,-like ature-  Firing
structure and Zn,Ti,04-like structure phase, 3) represents a elevating temper- Firing Firing Temperature-
. . . . 40 : :
zinc aluminate (ZnAl,O,) spinel oxide structure phase, and 4) rate ature  time - atmos- lowering rate
° C./hr, °C. hr here ° C./hr,
represents a crystal phase other than 1) to 3), such as an ( ) ¢ o p ( )
aluminum oxide phase or titanium oxide phase. Example 57 50 1500 3 Nitrogen 100
Example 58 50 1400 3 Nitrogen 100
TABLE 8 45 Example 59 50 1100 3 Nitrogen 100
Example 60 50 900 3 Nitrogen 100
Firing conditions Example 61 50 1200 5 Nitrogen 100
T Example 62 50 1200 10 Nitrogen 100
emper-
ature- Firing Example 63 50 1200 3 Ailr 100
elevating temper- Firing Firing Temperature- 50 Example 64 50 1100 3 Air 100
rate ature time  atmos- lowering rate .
€ C/hr) ©C) (hr) phere © C/hr) Example 65 50 1500 3 Nitrogen 100
Example 66 50 1400 3 Nitrogen 100
Example 40 50 1200 3 Nitrogen 100 Example 67 50 1100 3 Nitrogen 100
Example 41 50 1200 3 Nitrogen 100 .
Example 42 50 1200 3 Nitrogen 100 55 Drample 68 30 900 3 Nitrogen 100
Example 43 50 1200 3 Nitrogen 100 Example 69 50 1200 5 Nitrogen 100
Example 44 50 1200 3 Nitrogen 100 Example 70 50 1200 10 Nitrogen 100
Example 45 50 1200 3 Nitrogen 100 .
Example 46 50 1200 3 Nitrogen 100 Example 71 30 1200 3 A%r 100
Example 47 50 1200 3 Nitrogen 100 Example 72 50 1100 3 Air 100
Example 48 50 1200 3 Nitrogen 100 60 Example 73 50 1200 3 Nitrogen 100
Example 49 50 1200 3 Nitrogen 100 .
E: le 74 50 1200 3 Nitr 100
Example 50 50 1200 3 Nitrogen 100 Rampie Hhrogen
Example 51 50 1200 3 Nitrogen 100 Example 75 50 1200 3 Nltrogen 100
Example 52 50 1200 3 Nitrogen 100 Example 76 50 1200 3 Nitrogen 100
Example 53 50 1200 3 Nitrogen 100 Example 77 50 1200 3 Nitrogen 100
Example 54 50 1200 3 Nitrogen 100 .
Example 55 50 1200 3 Nitrogen 100 65 Example 78 50 1200 3 Nitrogen 100
Example 56 50 1200 3 Nitrogen 100
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TABLE 9
Target properties Properties of transparent conductive oxide film
Center line Discharge Sheet Transmittance (%)
average property  resistance Visible region Infrared region Durability

roughness (um) (times/hr) (Q/O) (400-800 nm)  (800-1200 nm) (%)
Example 40 0.55 11.6 18.9 88.1 92.8 25.1
Example 41 0.49 10.7 12.1 89.0 90.1 22.2
Example 42 0.41 11.0 7.4 38.4 84.0 15.3
Example 43 0.48 11.3 5.1 87.2 81.7 12.2
Example 44 0.37 6.2 8.3 88.0 90.3 6.2
Example 45 0.35 6.6 8.0 89.5 85.8 3.4
Example 46 0.48 9.5 8.5 89.8 80.2 2.2
Example 47 0.42 9.2 9.3 89.3 81.4 1.8
Example 48 0.35 7.8 9.8 87.7 94.3 2.2
Example 49 0.45 12.2 13.1 38.4 86.8 2.4
Example 50 0.40 114 7.5 87.9 82.7 1.6
Example 51 0.40 7.3 17.6 87.8 89.1 2.0
Example 52 0.42 8.5 15.2 89.2 83.0 2.5
Example 53 0.38 7.1 17.8 88.7 82.6 2.3
Example 54 0.41 6.4 26.2 87.2 87.7 2.6
Example 55 0.41 8.7 22.1 88.0 85.3 2.2
Example 56 0.47 5.1 16.4 86.9 85.1 2.0
Example 57 0.41 13.3 12.1 88.8 90.0 22.2
Example 58 0.41 11.5 11.9 88.8 89.9 21.6
Example 59 0.53 10.3 12.2 89.0 90.3 21.7
Example 60 0.48 13.4 12.0 88.6 90.1 21.8
Example 61 0.51 10.4 12.1 89.2 90.1 22.4
Example 62 0.44 11.0 12.1 88.9 89.8 22.2
Example 63 0.46 10.9 12.0 89.0 90.1 22.0
Example 64 0.43 10.6 11.8 88.9 90.0 22.4
Example 65 0.37 8.9 13.0 89.4 85.6 3.4
Example 66 0.40 8.3 13.1 89.4 85.8 3.1
Example 67 0.35 6.2 13.1 89.7 85.8 3.8
Example 68 0.38 9.2 13.0 89.5 86.0 3.5
Example 69 0.42 7.8 12.8 89.3 86.0 3.5
Example 70 0.46 8.5 13.2 89.8 85.8 3.3
Example 71 0.35 6.9 13.0 89.3 85.7 3.4
Example 72 0.42 6.8 12.8 89.5 85.9 3.2
Example 73 1.85 11.6 11.9 89.2 90.0 21.8
Example 74 2.73 13.1 12.1 89.0 90.0 22.2
Example 75 3.14 18.8 12.0 88.7 90.1 22.1
Example 76 1.73 9.7 13.3 89.6 86.0 3.3
Example 77 2.88 10.9 13.1 89.2 85.8 3.4
Example 78 3.16 15.2 13.4 89.5 85.8 3.4

Comparative Example 27
Fabrication of Sintered Composite Oxide

The zinc oxide powder was pulverized with a dry ball mill
to a mean particle size of no greater than 1 pum. The powder
was subjected to die molding using a die with a diameter of
150 mm at 0.3 ton/cm? (29.42 MPa), and then cm molding at
3.0 ton/cm? (294.2 MPa), to obtain a compact. The compact
was fired under the conditions shown in Table 11, to obtain a
sintered composite oxide for Comparative Example 27.

The sintered composite oxide of Comparative Example 27
was evaluated in the same manner as Example 1. As a result,
in the sintered composite oxide of Comparative Example 27,
there was detected only a diffraction peak attributable to a
zinc oxide-containing hexagonal wurtzite structure phase.
The mean particle size of the particles of the sintered com-
posite oxide was determined in the same manner as Example
1. The evaluation results for the sintered composite oxide of
Comparative Example 27 are shown in Table 10.

A sputtering target for Comparative Example 27 was fab-
ricated and evaluated in the same manner as Example 1. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 12.

The sputtering target of Comparative Example 27 was used
in the same manner as Example 1 to form a film by DC

45

magnetron sputtering, to obtain a transparent conductive
oxide film for Comparative Example 27. The sputtering film
formation conditions were the same as in Example 1. The
resistance, transmittance and durability of the transparent
conductive oxide film of Comparative Example 27 are shown
in Table 12.

The generated phase of the transparent conductive oxide
film of Comparative Example 27 was measured in the same
manner as Example 1. As a result, the transparent conductive
oxide film of Comparative Example 27 was found to be com-
posed entirely of a hexagonal wurtzite structure phase.

Comparative Examples 28 to 31

The aforementioned aluminum oxide powder and zinc
oxide powder were combined with the Al and Zn atomic
ratios of Comparative Examples 28 to 31 in Table 10, blended
with a wet bead mill, and spray-dried. The mean particle size
was no greater than 1 um. The obtained powder was subjected
to die molding using a die with a diameter of 150 mm at 0.3
ton/cm? (29.42 MPa), and then CIP molding at 3.0 ton/cm?
(294.2 MPa), to obtain a compact. The compact was fired
under the conditions shown in Table 11, to obtain sintered
composite oxides for Comparative Examples 28 to 31.

The sintered composite oxides of Comparative Examples
2810 31 were evaluated in the same manner as Example 1. As
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a result, in the sintered composite oxides of Comparative
Examples 28 to 31, there were detected only diffraction peaks
attributable to a zinc oxide-containing hexagonal wurtzite
structure phase, and a spinel oxide phase of zinc aluminate
with zinc and aluminum in solid solution. However, no dif-
fraction peak attributable to an aluminum oxide phase was
detected. The evaluation results for the sintered composite
oxides of Comparative Examples 28 to 31 are shown in Table
12.

Sputtering targets for Comparative Examples 28 to 31 were
fabricated and evaluated in the same manner as Example 1.
The number of anomalous discharges produced per hour dur-
ing sputtering is listed as “discharge property” in Table 12.

The sputtering targets of Comparative Examples 28 to 31
were each used in the same manner as Example 1 to form
films by DC magnetron sputtering, to obtain transparent con-
ductive oxide films for Comparative Examples 28 to 31. The
sputtering film formation conditions were the same as in
Example 1. The resistance, transmittance and durability of
the transparent conductive oxide films of Comparative
Examples 28 to 31 are shown in Table 12.

The generated phases of the transparent conductive oxide
films of Comparative Examples 28 to 31 were measured in the
same manner as Example 1. As a result, the transparent con-
ductive oxide films were all found to be composed entirely of
a hexagonal wurtzite structure phase.

Comparative Example 32

The aforementioned titanium oxide powder and zinc oxide
powder were combined with the Ti and Zn atomic ratio of
Comparative Example 32 in Table 10, blended with a wet
bead mill, and spray-dried. The mean particle size was no
greater than 1 um. The obtained powder was subjected to die
molding using a die with a diameter of 150 mm at 0.3 ton/cm?
(29.42 MPa), and then CIP molding at 3.0 ton/cm? (294.2
MPa), to obtain a compact. The compact was fired under the
conditions shown in Table 11, to obtain a sintered composite
oxide for Comparative Example 32.

The sintered composite oxide of Comparative Example 32
was evaluated in the same manner as Example 1. As a result,
for the sintered composite oxide of Comparative Example 32,
there were detected only diffraction peaks attributable to a
zinc oxide-containing hexagonal wurtzite structure phase,
and a titanium-containing ZnTiO;-like structure and
7Zn,Ti;04-like structure phase. However, no diffraction peak
attributable to a titanium oxide phase was detected.

Also, the polished surface of the sintered composite oxide
of Comparative Example 32 was analyzed by SEM and
EPMA, and the mean particle sizes of the ZnTiO;-like struc-
tured and Zn,Ti;Og-like structured particles and the hexago-
nal wurtzite structure phase particles were determined in the
same manner as Example 1. The evaluation results for the
sintered composite oxide of Comparative Example 32 are
shown in Table 10.

A sputtering target for Comparative Example 32 was fab-
ricated and evaluated in the same manner as Example 1. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 12.

The sputtering target of Comparative Example 32 was used
in the same manner as Example 1 to form a film by DC
magnetron sputtering, to obtain a transparent conductive
oxide film for Comparative Example 32. The sputtering film
formation conditions were the same as in Example 1. The
resistance, transmittance and durability of the transparent
conductive oxide film of Comparative Example 32 are shown
in Table 12.
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The generated phase of the transparent conductive oxide
film of Comparative Example 32 was measured in the same
manner as Example 1. As a result, the transparent conductive
oxide film of Comparative Example 32 was found to be com-
posed entirely of a hexagonal wurtzite structure phase.

Comparative Examples 33, 35, 36 and 38 to 47

Compacts were obtained for Comparative Examples 33,
35, 36 and 38 to 47 in the same manner as Example 1, except
that the mixing proportions of the aluminum oxide powder
and titanium oxide powder for obtaining mixed powder (A)
were the atomic ratios listed in Table 10, and the mixing
proportions of mixed powder (B) and zinc oxide powder for
obtaining mixed powder (C) were the atomic ratios listed in
Table 10. Each compact was fired under the conditions shown
in Table 11, to obtain sintered composite oxides for Compara-
tive Examples 33, 35, 36 and 38 to 47.

The sintered composite oxides were evaluated in the same
manner as Example 1. As a result, for each of the sintered
composite oxides of Comparative Examples 33,35, 36,38 to
41, 43, 44, 46 and 47, there were detected only diffraction
peaks attributable to a zinc oxide-containing hexagonal
wurtzite structure phase, and an aluminum- and titanium-
containing ZnTiO;-like structure and Zn, T1;O04-like structure
phase. On the other hand, no diffraction peak was detected for
an aluminum oxide phase, a titanium oxide phase or a spinel
oxide phase of zinc aluminate with zinc and aluminum in
solid solution.

The polished surfaces of the sintered composite oxides of
Comparative Examples 33,35,36,38t041, 43, 44,46 and 47
were also analyzed by SEM and EPMA. As a result, it was
confirmed that aluminum and titanium form compounds with
zinc and exist as particles with a ZnTiO;-like structure and a
Zn,Ti;04-like structure. Furthermore, it was confirmed that
the particles coexist with particles in a hexagonal wurtzite
structure phase. The mean particle sizes of each of the par-
ticles were determined in the same manner as Example 1.

In contrast, for each of the sintered composite oxides of
Comparative Examples 42 and 45, there were detected dif-
fraction peaks attributable to a zinc oxide-containing hexago-
nal wurtzite structure phase, and an aluminum- and titanium-
containing ZnTiO;-like structure and Zn, T1;O04-like structure
phase, as well as trace diffraction peaks attributable to an
aluminum oxide phase, a titanium oxide phase and a spinel
oxide phase of zinc aluminate with zinc and aluminum in
solid solution. The polished surfaces of the sintered compos-
ite oxides were analyzed by SEM and EPMA, in the same
manner as Example 1. The mean particle sizes of the particles
were also determined in the same manner as Example 1.

The evaluation results for the sintered composite oxides of
Comparative Examples 33, 35, 36 and 38 to 47 are shown in
Table 10. Sputtering targets were fabricated and evaluated for
these comparative examples, in the same manner as Example
1. The number of anomalous discharges produced per hour
during sputtering is listed as “discharge property” in Table 12.

The sputtering targets of the comparative examples were
each used in the same manner as Example 1 to form films by
DC magnetron sputtering, to obtain transparent conductive
oxide films. The sputtering film formation conditions were
the same as in Example 1. The resistance, transmittance and
durability of the transparent conductive oxide films of Com-
parative Examples 33, 35, 36 and 38 to 47 are shown in Table
12.

The generated phases of the transparent conductive oxide
films of Comparative Examples 33, 35, 36 and 38 to 47 were
measured in the same manner as Example 1. As a result, the
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transparent conductive oxide films of Comparative Examples
33,35,36 and 38 to 47 were all found to be composed entirely
of a hexagonal wurtzite structure phase.

Comparative Examples 34 and 37

The aforementioned titanium oxide powder and zinc oxide
powder were each combined with the Ti and Zn atomic ratios
of Comparative Examples 34 and 37 in Table 10, blended with
a wet bead mill, and spray-dried. The mean particle size was
no greater than 1 um. The obtained powder was subjected to
die molding using a die with a diameter of 150 mm at 0.3
ton/cm? (29.42 MPa), and then CIP molding at 3.0 ton/cm?
(294.2 MPa), to obtain a compact. Each compact was fired
under the conditions shown in Table 11, to obtain sintered
composite oxides for Comparative Examples 34 and 37.

The sintered composite oxides of Comparative Examples
34 and 37 were evaluated in the same manner as Example 1.
As a result, for the sintered composite oxides of Comparative
Examples 34 and 37, there were detected only diffraction
peaks attributable to a zinc oxide-containing hexagonal
wurtzite structure phase, and a titanium-containing ZnTiO;-
like structure and Zn, Ti;Og-like structure phase. However, no
diffraction peak attributable to a titanium oxide phase was
detected.

Also, the polished surfaces of the sintered composite
oxides of Comparative Examples 34 and 37 were analyzed by
SEM and EPMA, and the mean particle sizes of the ZnTiO;-
like structured and Zn, Ti;Og-like structured particles and the
hexagonal wurtzite structure phase particles were determined
in the same manner as Example 1. The evaluation results for
the sintered composite oxides of Comparative Examples 34
and 37 are shown in Table 10.

Sputtering targets for Comparative Examples 34 and 37
were fabricated and evaluated in the same manner as Example
1. The number of anomalous discharges produced per hour
during sputtering is listed as “discharge property” in Table 12.

The sputtering targets of Comparative Examples 34 and 37
were used in the same manner as Example 1 to form films by
DC magnetron sputtering, to obtain transparent conductive
oxide films for Comparative Examples 34 and 37. The sput-
tering film formation conditions were the same as in Example
1. The resistance, transmittance and durability of the trans-
parent conductive oxide films of Comparative Examples 34
and 37 are shown in Table 12.

The generated phases of the transparent conductive oxide
films of Comparative Examples 34 and 37 were measured in
the same manner as Example 1. As a result, the transparent
conductive oxide films were all found to be composed
entirely of a hexagonal wurtzite structure phase.

Comparative Examples 48 to 50

The aforementioned zinc oxide powder, aluminum oxide
powder and titanium oxide powder were combined with the
Zn, Al and Ti atomic ratios of Comparative Examples 48 to 50
in Table 10, and blended with a wet ball mill. Polyvinyl
alcohol was added to 1 wt % with respect to the total solid
weight of the starting powder. After spray-drying, the
obtained powder was subjected to CIP molding at 3.0 ton/cm?>
(294.2 MPa), and degreased in air at 500° C. to obtain a
compact. The compact was fired under the conditions shown
in Table 11, to obtain sintered composite oxides for Compara-
tive Examples 48 to 50.

The sintered composite oxides of Comparative Examples
48 to 50 were evaluated in the same manner as Example 1. As
a result, for each of the sintered composite oxides of Com-
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parative Examples 48 to 50, there were detected only diffrac-
tion peaks attributable to a zinc oxide-containing hexagonal
wurtzite structure phase, and an aluminum- and titanium-
containing ZnTiO;-like structure and Zn, T1;O04-like structure
phase. On the other hand, no diffraction peak was detected for
an aluminum oxide phase, a titanium oxide phase or a spinel
oxide phase of zinc aluminate with zinc and aluminum in
solid solution.

The polished surfaces of the sintered composite oxides of
Comparative Examples 48 to 50 were also analyzed by SEM
and EPMA. As a result, it was confirmed that aluminum and
titanium form compounds with zinc and exist as particles with
a ZnTiOj;-like structure and a Zn,Ti;O4-like structure. Fur-
thermore, it was confirmed that the particles coexist with
particles in a hexagonal wurtzite structure phase. The mean
particle sizes of each of the particles were determined by the
same method as Example 1. The evaluation results for the
sintered composite oxides of Comparative Examples 48 to 50
are shown in Table 12.

Sputtering targets for Comparative Examples 48 to 50 were
fabricated and evaluated in the same manner as Example 1.
The number of anomalous discharges produced per hour dur-
ing sputtering is listed as “discharge property” in Table 12.

The sputtering targets of Comparative Examples 48 to 50
were each used in the same manner as Example 1 to form
films by DC magnetron sputtering, to obtain transparent con-
ductive oxide films for Comparative Examples 48 to 50. The
sputtering film formation conditions for Comparative
Example 49 were as follows. The sputtering film formation
conditions for Comparative Examples 48 and 50 were the
same as Example 1.

(Sputtering Film Formation Conditions)

Apparatus: DC magnetron sputtering apparatus

Magnetic field intensity: 1000 Gauss (directly above tar-
get, horizontal component)

Substrate temperature: 25° C.

Ultimate vacuum: 5x107° Pa

Sputtering gas: argon

Sputtering gas pressure: 0.5 Pa

DC power: 300 W

Film thickness: 1000 nm

Substrate used: Non-alkaline glass (#1737 glass by Corn-
ing, Inc., thickness: 0.7 mm)

The resistance, transmittance and durability of the trans-
parent conductive oxide films of Comparative Examples 48 to
50 are shown in Table 12.

The generated phases of the transparent conductive oxide
films of Comparative Examples 48 to 50 were measured in the
same manner as Example 1. As a result, the transparent con-
ductive oxide films were all found to be composed entirely of
a hexagonal wurtzite structure phase.

Comparative Example 51

The aluminum oxide powder and titanium oxide powder
were weighed out to the Al and Ti atomic ratio listed in Table
10. The powders were mixed with zinc oxide in an equimolar
amount as the total number of moles of aluminum oxide and
titanium oxide, blended with a wet ball mill and dried to
obtain a mixed powder. The mixed powder was calcined in air
at 1000° C. to obtain a calcined powder. Zinc oxide powder
was added to the calcined powder to the atomic ratios of Al, Ti
and Zn listed in Table 10, and blended with a wet ball mill.
Polyvinyl alcohol was added to 1 wt % with respect to the
total solid weight of the starting powder.

After spray-drying, the obtained powder was subjected to
die molding using a die with a diameter of 150 mm at 0.3
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ton/cm? (29.42 MPa), and then CIP molding at 3.0 ton/cm?
(294.2 MPa) and degreasing in air at 500° C., to obtain a
compact. The compact was fired under the conditions shown
in Table 11, to fabricate a sintered composite oxide compact.

The sintered composite oxide of Comparative Example 51
was evaluated in the same manner as Example 1. As a result,
for the sintered composite oxide of Comparative Example 51,
there were observed diffraction peaks attributable to a zinc
oxide-containing hexagonal wurtzite structure phase, an alu-
minum- and titanium-containing ZnTiO;-like structure and
7Zn,Ti;04-like structure phase, and a spinel oxide phase of
zinc aluminate with zinc and aluminum in solid solution.
However, no diffraction peak attributable to an aluminum
oxide phase or titanium oxide phase was detected. This con-
firmed the coexistence of a composite oxide phase of alumi-
num and zinc, and a composite oxide phase of titanium and
Zinc.

The mean particle sizes of the particles were also deter-
mined in the same manner as Example 1. The evaluation
results for the sintered composite oxide of Comparative
Example 51 are shown in Table 10.

A sputtering target for Comparative Example 51 was fab-
ricated and evaluated in the same manner as Example 1. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 12.

The sputtering target of Comparative Example 51 was used
in the same manner as Example 1 to form a film by DC
magnetron sputtering, to obtain a transparent conductive
oxide film for Comparative Example 51. The sputtering film
formation conditions were the same as in Example 1. The
resistance, transmittance and durability of the transparent
conductive oxide film are shown in Table 12.

The generated phases of the transparent conductive oxide
film were measured in the same manner as Example 1. As a
result, the transparent conductive oxide film of Comparative
Example 51 was found to be composed entirely of a hexago-
nal wurtzite structure phase.

Comparative Example 52

After blending the aforementioned aluminum oxide pow-
der and zinc oxide powder in equimolar amounts using a wet
ball mill, the blend was dried to obtain mixed powder A. The
mixed powder A was calcined in air at 1000° C. Next, the
aforementioned titanium oxide powder and zinc oxide pow-
der were mixed in equimolar amounts using a wet ball mill,
and the blend was dried to obtain mixed powder B. The mixed
powder B was calcined in air at 1000° C.

The calcined mixed powders A and B and zinc oxide pow-
der were mixed with a wet ball mill to the Al, Ti and Zn
composition listed in Table 10. Polyvinyl alcohol was added
to 1 wt % with respect to the total solid weight of the starting
powder. After spray-drying, the obtained powder was sub-
jected to die molding using a die with a diameter of 150 mm
at 0.3 ton/cm? (29.42 MPa), and then CIP molding at 3.0
ton/cm? (294.2 MPa) and degreasing in air at 500° C., to
obtain a compact. The compact was fired under the conditions
shown in Table 11, to fabricate a sintered composite oxide
compact.

The sintered composite oxide of Comparative Example 52
was evaluated in the same manner as Example 1. As a result,
for the sintered composite oxide of Comparative Example 52,
there were observed diffraction peaks attributable to a zinc
oxide-containing hexagonal wurtzite structure phase, an alu-
minum- and titanium-containing ZnTiO;-like structure and
7Zn,Ti;04-like structure phase, and a spinel oxide phase of
zinc aluminate with zinc and aluminum in solid solution.
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However, no diffraction peak attributable to an aluminum
oxide phase or titanium oxide phase was detected. This con-
firmed the coexistence of a composite oxide phase of alumi-
num and zinc, and a composite oxide phase of titanium and
Zinc.

The mean particle sizes of the particles were also deter-
mined in the same manner as Example 1. The evaluation
results for the sintered composite oxide of Comparative
Example 52 are shown in Table 10.

A sputtering target for Comparative Example 52 was fab-
ricated and evaluated in the same manner as Example 1. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 12.

The sputtering target of Comparative Example 52 was used
in the same manner as Example 1 to form a film by DC
magnetron sputtering, to obtain a transparent conductive
oxide film for Comparative Example 52. The sputtering film
formation conditions were the same as in Example 1. The
resistance, transmittance and durability of the transparent
conductive oxide film are shown in Table 12.

The generated phases of the transparent conductive oxide
film were measured in the same manner as Example 1. As a
result, the transparent conductive oxide film of Comparative
Example 52 was found to be composed entirely of a hexago-
nal wurtzite structure phase.

Comparative Example 53

A compact was obtained for Comparative Example 53 in
the same manner as Example 1, except that the mixing pro-
portion of the aluminum oxide powder and titanium oxide
powder for obtaining mixed powder (A) was the atomic ratio
listed in Table 10, and the mixing proportion of mixed powder
(B) and zinc oxide powder for obtaining mixed powder (C)
was the atomic ratio listed in Table 10. The compact was fired
under the conditions shown in Table 11, to obtain a sintered
composite oxide for Comparative Example 53.

The sintered composite oxide of Comparative Example 53
was evaluated in the same manner as Example 1. As a result,
for this sintered composite oxide there were detected only
diffraction peaks attributable to a zinc oxide-containing hex-
agonal wurtzite structure phase, and an aluminum- and tita-
nium-containing ZnTiO;-like structure and Zn,Ti;Og-like
structure phase. On the other hand, no diffraction peak was
detected for an aluminum oxide phase, a titanium oxide phase
or a spinel oxide phase of zinc aluminate with zinc and alu-
minum in solid solution.

The polished surface of the sintered composite oxide was
also analyzed by SEM and EPMA. As a result, it was con-
firmed that aluminum and titanium form compounds with
zinc and exist as particles with a ZnTiO;-like structure and a
7Zn,Ti;04-like structure. Furthermore, it was confirmed that
the particles coexist with particles in a hexagonal wurtzite
structure phase. The mean particle sizes of the particles were
determined by the method described above. The evaluation
results for the sintered composite oxide are shown in Table
10.

A sputtering target for Comparative Example 53 was fab-
ricated and evaluated in the same manner as Example 1. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 12.

The sputtering target of Comparative Example 53 was used
in the same manner as Example 1 to form a film by DC
magnetron sputtering, to obtain a transparent conductive
oxide film for Comparative Example 53. The sputtering film
formation conditions were the same as in Example 1. The
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resistance, transmittance and durability of the transparent
conductive oxide film of Comparative Example 53 are shown
in Table 12.

The generated phase of the transparent conductive oxide
film of Comparative Example 53 was measured in the same
manner as Example 1. As a result, the transparent conductive
oxide film of Comparative Example 53 was found to be com-
posed entirely of a hexagonal wurtzite structure phase.

Comparative Example 54

After blending the aforementioned aluminum oxide pow-
der and zinc oxide powder to the Al and Zn atomic ratio listed
in Table 10 using a wet bead mill, the blend was dried to
obtain a mixed powder. The mixed powder was calcined in air
at 1400° C. and then pulverized to prepare a calcined powder
with a mean particle size of no greater than 1 um. To this
calcined powder there was further added titanium oxide pow-
der to Al, Zn and Ti in the atomic ratio listed in Table 10, and
the mixture was blended with a dry ball mill. The mean
particle size after blending was no greater than 1 pm. The
obtained powder was subjected to die molding using a die
with a diameter of 150 mm at 0.3 ton/cm® (29.42 MPa), and
then CIP molding at 3.0 ton/cm? (294.2 MPa) and degreasing
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7Zn,Ti;04-like structure phase, and a spinel oxide phase of
zinc aluminate with zinc and aluminum in solid solution.
However, no diffraction peak attributable to an aluminum
oxide phase or titanium oxide phase was detected.

The mean particle sizes of the particles were also deter-
mined in the same manner as Example 1. The evaluation
results for the sintered composite oxide of Comparative
Example 54 are shown in Table 12.

A sputtering target for Comparative Example 54 was fab-
ricated and evaluated in the same manner as Example 1. The
number of anomalous discharges produced per hour during
sputtering is listed as “discharge property” in Table 12.

The sputtering target of Comparative Example 54 was used
in the same manner as Example 1 to form a film by DC
magnetron sputtering, to obtain a transparent conductive
oxide film for Comparative Example 54. The sputtering film
formation conditions were the same as in Example 1. The
resistance, transmittance and durability of the transparent
conductive oxide film are shown in Table 12.

The generated phases of the transparent conductive oxide
film were measured in the same manner as Example 1. As a
result, the transparent conductive oxide film of Comparative
Example 54 was found to be composed entirely of a hexago-
nal wurtzite structure phase.

TABLE 10

Final composition of powder and sintered

Sintered composite oxide properties

Mean particle size Crystal phase

composition (atomic ratio) (um) (X-ray diffraction test Relative
(Al + Ti)/ Al/ Ti/ Particles  Particles Ax/ density

(Zn+Al+Ti) (Zn+Al+Ti) (Zn+Al+Ti) A) B) (1) 2) (Ax+Ay) 3) 4 (%)
Comp. Ex. 27 0.000 0.000 0.000 194 — yes no — no no 96.1
Comp. Ex. 28 0.010 0.010 0.000 12.0 — yes no — yes no 973
Comp. Ex. 29 0.020 0.020 0.000 52 — yes no — yes no 979
Comp. Ex. 30 0.027 0.027 0.000 6.0 — yes no — yes no  98.8
Comp. Ex. 31 0.032 0.032 0.000 54 — yes no — yes no  98.6
Comp. Ex. 32 0.003 0.000 0.003 17.8 2.4 yes yes 0.11 no no 99.0
Comp. Ex. 33 0.030 0.027 0.003 6.7 1.1 yes yes 0.12 no no 99.2
Comp. Ex. 34 0.020 0.000 0.020 54 1.6 yes yes 0.55 no no 99.2
Comp. Ex. 35 0.047 0.027 0.020 7.3 23 yes yes 0.52 no no 994
Comp. Ex. 36 0.052 0.027 0.025 7.3 2.2 yes yes 0.55 no no 994
Comp. Ex. 37 0.038 0.000 0.038 5.1 1.8 yes yes 0.68 no no 993
Comp. Ex. 38 0.058 0.020 0.038 5.9 0.6 yes yes 0.51 no no 994
Comp. Ex. 39 0.057 0.010 0.047 3.8 0.4 yes yes 0.70 no no 994
Comp. Ex. 40 0.058 0.003 0.055 9.2 0.7 yes yes 0.68 no no 99.5
Comp. Ex. 41 0.013 0.010 0.003 28.5 8.8 yes yes 0.31 no no 994
Comp. Ex. 42 0.013 0.010 0.003 6.8 0.6 yes yes 0.24 yes yes 86.2
Comp. Ex. 43 0.013 0.010 0.003 22.7 6.2 yes yes 0.26 no no 994
Comp. Ex. 44 0.020 0.010 0.010 18.8 7.6 yes yes 0.41 no no 993
Comp. Ex. 45 0.018 0.008 0.010 6.2 0.7 yes yes 0.37 yes yes 86.7
Comp. Ex. 46 0.018 0.008 0.010 13.6 5.7 yes yes 0.48 no no 994
Comp. Ex. 47 0.045 0.035 0.010 6.3 1.1 yes yes 0.42 no no 993
Comp. Ex. 48 0.045 0.035 0.010 6.4 1.1 yes yes 0.40 no no 993
Comp. Ex. 49 0.045 0.035 0.010 6.4 1.1 yes yes 0.40 no no 993
Comp. Ex. 50 0.080 0.070 0.010 52 1.1 yes yes 0.33 no no 99.1
Comp. Ex. 51 0.025 0.007 0.018 8.5 2.4 yes yes 0.48 yes mo  99.5
Comp. Ex. 52 0.025 0.007 0.018 8.0 2.2 yes yes 0.44 yes mo  99.5
Comp. Ex. 53 0.073 0.003 0.070 7.0 1.3 yes yes 0.69 no no 99.5
Comp. Ex. 54 0.028 0.025 0.003 5.9 0.7 yes yes 0.17 yes no  99.6

in air at 500° C., to obtain a compact. The compact was fired
under the conditions shown in Table 11, to fabricate a sintered
composite oxide compact.

The sintered composite oxide of Comparative Example 54
was evaluated in the same manner as Example 1. As a result,
for the sintered composite oxide of Comparative Example 54,
there were observed diffraction peaks attributable to a zinc
oxide-containing hexagonal wurtzite structure phase, an alu-
minum- and titanium-containing ZnTiO;-like structure and
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In Table, Particles (A) represent the particles having a hex-
agonal wurtzite structure, and Particles (B) represent the par-
ticles having a ZnTiO;-like structure and Zn,Ti;O,-like
structure. In Crystal phase in Table, 1) represents a hexagonal
wurtzite form structure phase, 2) represents a ZnTiO;-like
structure and Zn,Ti;04-like structure phase, 3) represents a
zinc aluminate (ZnAl,0,) spinel oxide structure phase, and 4)
represents a crystal phase other than 1) to 3), such as an
aluminum oxide phase or titanium oxide phase.
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The transparent conductive oxide films were judged to be
TABLE 11 P Judg
able to withstand practical use without device design prob-
Firing condition lems if they had the following levels of resistance, light trans-
Temper- mittance and .durability. Specifically, the preferred r.esistance
ature-  Firing Temper- > is a sheet resistance of no greater than 30 Q/sq. with a film
clevating  temper-  Firing Firing ature- thickness of up to 1000 nm, as measured by the method
rate ature time atmos- lowering rate indicated in th 1
CChr)  (°C)  (hr) phere ¢ C./hr) indicated in the examples. .
The light transmittance is desirably a mean value of at least
Comp. Ex. 27 30 1100 3 Nitrogen 100 80% in wavelength ranges of both the visible region (400-800
Comp. Ex. 28 50 1200 3 Nitrogen 100 10 . . .
Comp. Ex. 29 50 1200 3 Nitrogen 100 nm) and the 1nfrgred region (800-1200 nm), as the .trar.lsmlt-
Comp. Ex. 30 50 1200 3 Nitrogen 100 tance of the film itself, as measured by the method indicated
Comp. Ex. 31 50 1200 3 Nitrogen 100 in the examples. The durability is desirably no greater than
Comp. Ex. 32 50 1200 3 Nitrogen 100 30% he ch . . di he durabili
Comp. Ex. 33 50 1200 3 Nitrogen 100 o as the c aI}ge n .re51stance, according to the durability
Comp. Ex. 34 50 1200 3 Nitrogen 100 15 test method indicated in the examples.
Comp. Ex. 35 50 1200 3 Nitrogen 100 When Examples 1 to 17 are compared with Comparative
Comp. Ex. 36 50 1200 3 Nitrogen 100 E les 1 to 14 1 disch duri tteri .
Comp. Fx. 37 50 1200 3 Nitrogen 100 xamples 1 to 14, anomalous discharge during sputtering is
Comp. Ex. 38 50 1200 3 Nitrogen 100 reduced in the examples. Also, Examples 1 to 17 had low
Comp. Ex. 39 50 1200 3 Nitrogen 100 resistance and higher transmittance, as well as superior dura-
Comp. Ex. 40 50 1200 3 Nitrogen 100 bili
Comp. Ex. 41 50 1550 3 Nitrogen 100 20 1y. ) ) )
Comp. Ex. 42 50 750 3 Nitrogen 100 When Example 2 is compared with Comparative Examples
Comp. Ex. 43 50 1200 30 Nitrogen 100 15to 17, Example 6 is compared with Comparative Examples
Comp. Bx. 44 30 1330 3 Nitrogen 100 18 to 20 and Example 10 is compared with Comparative
Comp. Ex. 45 50 750 3 Nitrogen 100 h K T A
Comp. Ex. 46 50 1200 30 Nitrogen 100 Examples 25 to 26, it is seen that a different mean particle size
Comp. Ex. 47 50 1300 5 Nitrogen 100 25 ofthe crystal phase, or a different crystal phase in the sintered
Comp. Ex. 48 30 1300 5> Nitrogen 100 composite oxide, resulted in more anomalous discharge dur-
Comp. Ex. 49 50 1300 5  Nitrogen 100 . . ‘s .
Comp. Ex. 50 50 1300 S Nitrogen 100 ing .sputter.lng even when the composition was in the range of
Comp. Ex. 51 50 1400 2 Air 100 the invention.
Comp. Ex. 52 50 1400 2 Amr 100 When Examples 1, 5, 12, 15, 17 and 48 are compared with
Comp. Ex. 53 50 1200 3 Nitrogen 100 30 C ive L les 14 and 53. it hat C .
Comp. Ex. 54 50 1200 2 Nitrogen 100 omparative Examples an ; 1t 1s seen that ompgratlve
Examples 14 and 53 have high resistance above the resistance
judged necessary to withstand practical use. FIG. 2 is a graph
TABLE 12
Target properties Properties of transparent conductive oxide film
Center line Discharge Sheet Transmittance (%)
average property resistance Visible region Infrared region Durability

roughness (um) (times/hr) (Q/O) (400-800 nm)  (800-1200 nm) (%)

Comp. Ex. 27 0.58 68.3 1560.0 84.7 90.5 999.0
Comp. Ex. 28 0.55 20.8 14.8 89.5 93.1 344.0
Comp. Ex. 29 0.42 13.7 6.2 88.6 82.3 354.0
Comp. Ex. 30 0.48 18.4 3.5 88.5 75.2 81.3
Comp. Ex. 31 0.48 20.5 34 87.3 71.0 15.2
Comp. Ex. 32 0.37 50.2 21.8 85.3 82.2 255.3
Comp. Ex. 33 041 15.7 15.8 86.8 74.3 18.7
Comp. Ex. 34 0.35 19.6 45.2 86.0 81.0 224.0
Comp. Ex. 35 0.38 253 6.5 87.1 753 2.7
Comp. Ex. 36 0.43 10.9 8.4 86.8 77.2 29
Comp. Ex. 37 0.43 294 50.3 85.7 80.2 45.8
Comp. Ex. 38 0.44 11.8 32.7 86.8 80.4 2.5
Comp. Ex. 39 0.33 6.0 33.1 87.0 82.2 1.9
Comp. Ex. 40 0.36 9.4 35.8 85.7 80.1 4.1
Comp. Ex. 41 0.38 30.1 12.5 89.0 88.3 24.2
Comp. Ex. 42 0.51 24.8 12.1 89.1 89.5 23.1
Comp. Ex. 43 0.39 26.8 124 88.7 88.5 22.5
Comp. Ex. 44 0.38 23.2 8.2 89.3 85.6 3.6
Comp. Ex. 45 0.50 20.9 8.8 89.3 85.8 3.8
Comp. Ex. 46 0.44 21.8 8.4 89.4 85.1 33
Comp. Ex. 47 0.43 11.3 6.8 89.0 63.8 3.8
Comp. Ex. 48 0.43 15.5 6.8 88.8 63.8 4.0
Comp. Ex. 49 0.43 15.5 28.3 66.7 8.7 62.3
Comp. Ex. 50 0.32 12.6 38.2 86.3 755 2.6
Comp. Ex. 51 0.46 423 13.5 88.1 86.2 2.7
Comp. Ex. 52 0.46 45.0 14.0 88.0 86.5 2.5
Comp. Ex. 53 0.38 22.3 61.4 82.6 88.3 21.7

Comp. Ex. 54 047 48.3 54 82.7 88.1 22.0
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plotting the values for the examples and comparative
examples, with Ti/(Zn+Al+T1) on the abscissa and sheet resis-
tance on the ordinate.

When Examples 2, 13, 16, 45 and 49 are compared with
Comparative Example 2, it is seen that Comparative Example
2 has inferior durability far below the level judged necessary
to withstand practical use. FIG. 3 is a graph plotting the values
for the examples and comparative examples, with Ti/(Zn+Al+
Ti) on the abscissa and durability on the ordinate.

When Examples 1, 2, 3 and 4 are compared with Compara-
tive Examples 6 and 33, it is seen that Comparative Example
6 has extremely inferior durability below the level judged
necessary to withstand practical use. Comparative Example
33 has transmittance below the level judged necessary to
withstand practical use. FIG. 4 is a graph plotting the values
for the examples and comparative examples, with Al/(Zn+
Al+T1i) on the abscissa, transmittance in the infrared region on
the left ordinate and durability on the right ordinate.

When Examples 48, 49 and 50 are compared with Com-
parative Examples 8 and 9, it is seen that Comparative
Example 8 has high resistance above the resistance judged
necessary to withstand practical use, while Comparative
Example 9 exhibits low transmittance below the transmit-
tance judged necessary to withstand practical use. FIG. 5 is a
graph plotting the values for the examples and comparative
examples, with Al/(Zn+Al+T1) on the abscissa, transmittance
in the infrared region on the left ordinate and sheet resistance
on the right ordinate.

INDUSTRIAL APPLICABILITY

According to the invention there is provided a sputtering
target that allows production of a transparent conductive
oxide film while minimizing anomalous discharge during
sputtering, and a sintered composite oxide to be used for the
same. The transparent conductive oxide film to be produced
has excellent optical transparency not only in the visible
region but also in the infrared region, and excellent durability.
Therefore, when it is used in a solar cell, for example, it can
utilize sunlight energy in the infrared region in a highly effi-
cient manner. It is therefore possible to provide a solar cell
with high photoelectric conversion efficiency.

Explanation of Symbols

2: Sintered composite oxide

The invention claimed is:

1. A sintered composite oxide composed mainly of zinc,

aluminum, titanium and oxygen,

the atomic ratio of the elements composing the sintered
material satisfying the following equations (1), (2) and
@),

the sintered material comprising particles having a hexago-
nal wurtzite structure containing zinc oxide as the major
component and having a mean particle size of no greater
than 20 pm, and
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particles having a ZnTiO;-like structure and/or Zn, Ti;Og-
like structure containing aluminum and titanium and
having a mean particle size of no greater than 5 pm,

and containing no particles with a spinel oxide structure of
zinc aluminate with zinc and aluminum in solid solution,

(AL+Ti)/(Zn+AL+Ti)=0.004-0.055 o)

Al(Zn+Al+Ti)=0.002-0.025 )

TI/(Zn+Al+Ti)=0.002-0.048 3)

wherein in said equations (1), (2) and (3), Al, Ti and Zn
represent the contents in atomic percents of aluminum, tita-
nium and zinc, respectively.

2. The sintered composite oxide according to claim 1,
wherein the sintered composite oxide contains no aluminum
oxide particles and titanium oxide particles.

3. A sputtering target comprising a sintered composite
oxide according to claim 2.

4. The sputtering target according to claim 3, having a
sputtering surface with a center line average roughness Ra of
no greater than 3 pm.

5. A sputtering target comprising a sintered composite
oxide according to claim 1.

6. A manufacturing method for a transparent conductive
oxide film, comprising a step of sputtering using the sputter-
ing target according to claim 5.

7. The sputtering target according to claim 5, having a
sputtering surface with a center line average roughness Ra of
no greater than 3 pm.

8. A manufacturing method for a transparent conductive
oxide film, comprising a step of sputtering using the sputter-
ing target according to claim 7.

9. A manufacturing method for a sintered composite oxide,
comprising:

a step in which a powder as an aluminum source and a
powder as a titanium source are pre-mixed and calcined
to obtain a first mixed powder with a mean particle size
of no greater than 1 pm,

a step in which zinc oxide powder is added to and mixed
with the first mixed powder to obtain a second mixed
powder satisfying the following equations (1), (2) and
(3) represented as the atomic ratios of the metal ele-
ments, and

a step in which the second mixed powder is molded and
fired at 800° C. to 1500° C. to obtain a sintered compos-
ite oxide according to claim 1 or 2,

(AL+Ti)/(Zn+AL+Ti)=0.004-0.055 o)

Al(Zn+Al+Ti)=0.002-0.025 )

TI/(Zn+Al+Ti)=0.002-0.048 3)

wherein in said equations (1), (2) and (3), Al, Ti and Zn
represent the contents in atomic percents of aluminum, tita-
nium and zinc, respectively.
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